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Industrial developments in the service lines of metal degreasing, solvent extraction 
and removal, anesthesia, and dry cleaning have produced the negative externality of improper 
disposal of chlorinated agents to the environment, a significant portion of which end up in soil 
and groundwater. Removal of such compounds via traditional physical remediation methods 
such as ex-situ pump-and-treat methods often prove time consuming and cost-prohibitive, 
leading government agencies and environmental consulting industries to pursue alternative 
remedial methods, such as bioremediation (USEPA, 2001). As a result, the past two decades 
have seen a wide variety of bacterial cultures being tested for their dechlorinating capabilities 
to varying degrees via metabolization of chlorinated elements for energy production. Of these, 
the genus Dehalococcoides has been given considerable attention, due to its strains capable of 
dechlorinating Tetrachloroethylene (PCE), Trichloroethylene (TCE), and polychlorinated 
biphenyls (PCBs) via reductive dehalogenation, and is the only genus to possess strains that 
continue the degradation sequence to the harmless end-product, ethene (Hamby, 1996).  
Understanding the properties of Dehalococcoides strains can provide insight into its 
mechanisms of action: how to utilize the culture in on-site operations, its genetic relations to 
other bacterial strains, and its effectiveness in remediation in aquatic environments. The three 
overarching experiments carried out in this study include a transcriptional analysis for the 
production of RDase gene, mbrA, in strain MB in relation to the presence of PCE and TCE, 
the closing of the genome for strain 11a and elucidation of the functions of its genes, and the 
detection and role played by all Dehalococcoides strains in a Modified Ludzack-Ettinger 
based wastewater treatment plant in relation to organic and inorganic constituents in the 
water.  
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Mapping the degradation kinetics of PCE degradation to the transcription rates of 
RDase genes in strain MB uncovered that 1) only a single RDase gene, mbrA, is responsible 
for the metabolization of both PCE and its degradation product, TCE, and 2) transcription 
rates are highest at two points throughout the 3-week process: just before the production of 
TCE, and at the peak concentration of TCE in culture bottles. Genomic closing of six 
scaffolds contained within strain 11a uncovered that 1) the genome of strain 11a possesses a 
plasmid that plays no role in the metabolism of chlorinated solvents, and 2) that the shortest 
scaffold in the genome exhibits about four times as much coverage and serves as a bridge 
between every other scaffold, each of which only appear once. Finally, changes in the 
composition of wastewater at an Integrated Validation Plant (IVP) in reaction to operational 
parameter changes undergone within a biosorption tank and membrane bioreactor as directed 
by the Singapore Public Utilities Board (PUB) were tracked. Generally, it was found that 
sudden changes in the parameters of the IVP, such as sharp reductions of sludge retention 
time (SRT) in biosorption and aerobic tanks, temporary shutdowns of the IVP, and shutting 
off of mixers in anoxic tanks resulted in temporary increases in some inorganic constituents, 
and temporary decreases in organic constituents. However, in the long-term (two weeks or 
more), wastewater composition would always normalize, implying that sudden changes have 
only transient effects on wastewater quality. Similarly, no effects were observed when a step-
feed method was introduced into the system, in which a portion of influent was directed to the 
4th tank, suggesting that loads on the biosorption tank can be reduced with no harmful changes 
in wastewater quality. With regards to a microbial community analysis of the wastewater, an 
RFLP procedure revealed the presence of 16 dominating types of microorganisms, including a 
genus closely related to Dehalococcoides genus, Dehalobacter. Strains of Dehalococcoides 
were still subsequently thoroughly quantified through qPCR, revealing that at certain 
timepoints, extremely high quantities of the bacteria are present. This suggests that both 
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Dehalococcoides and Dehalobacter are the primary genera responsible for dechlorination or 
other unknown activities in wastewater treatment plants.  
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CHAPTER 1: Introduction 
 
1.1 Environmental Contamination by Chlorinated Solvents 
 
Although there have been a wide variety of anthropogenic environmental compounds 
released into the environment in the past several decades, chlorinated organic compounds 
such as trichloroethylene (TCE), polychlorinated biphenyls (PCBs) and dichloroethene (1,2-
DCA) have dominated the industries of metal processing and degreasing, dry cleaning, 
solvent removal, and even anaesthesia. Its large production volume throughout the 1970’s and 
1980’s have resulted in a significant portion of the by-products to be discharged externally, 
contributing to a large part of environmental disposal and contamination as a result. The 
properties of these chlorinated solvents render them not only persistent in the environment, 
but a large portion of them and their subsequent degradation products are highly suspected 
carcinogenics (Mundt et al. 2003). Governmental and public awareness of their toxicity and 
persistence in the environment has led to scientific and industrial efforts to develop techniques 
for environmental remediation, including extensive research on innovative physical, chemical, 
and microbiological processes.  
Expansion on the understanding of these processes can help optimize remedial efforts, 
reducing the time and costs incurred during critical projects. An overview of the mechanisms 
behind the removal of halogenated compounds, both on a microscopic level and on a 
practical, on-site level, is presented later in this study. Because Dehalococcoides is the 
primary bacterial genus of this study, the experiments carried out hereafter focus on PCE and 
TCE, both of which fall under the category of chlorinated ethenes. Typically about 15-20% of 
all such contaminants terminate in soil and aquatic environments, and particularly in 
anaerobic environments where little natural attenuation can occur. As such, the possibility of 
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leaking to aquifers connected to drinking water supplies poses a threat to the well-being of 
human communities. 
1.2 Bioremediation of Chlorinated Solvents 
 
Because of their tendency to accumulate in anaerobic regions, the identification and 
characterization of microbial communities relying on anaerobic metabolism of halogenated 
compounds is imperative, which would provide a low-cost, in-situ method of environmental 
cleanup. The main genera involved in the bioremediation of well-known contaminants include 
Dehalococcoides, Dehalobacter, Desulfitobacterium, and Sulfurospirillum – which together 
are capable of degrading chlorinated organic solvents, sulphur, chlorophenols, and even 
arsenic (Perelo 2010). However, Dehalococcoides have presented the widest range of 
dechlorinating capability, with substrates ranging from PCE, TCE, DCE, and VC and end-
products of DCE, VC, or ethene depending on the specific strain (Cheng et al. 2010). By 
replacing each chlorine element with hydrogen as the electron donor under anaerobic 
conditions, the solvent is ideally degraded to its non-chlorinated form, ethene.  
The strains of Dehalococcoides accomplish this using reductive dehalogenase (RDase) 
genes, which are portions of their genome that code for enzymes responsible for the 
metabolism of chlorine atoms to produce energy for the cell. Understanding the mechanism 
linking the transcription of RDase genes to the presence of PCE or TCE is useful, as the 
number of transcripts produced per cell can be compared with other bacterial strains 
responsible for metabolizing PCE and TCE. If the transcription patterns of several strains are 
revealed, an optimal consortium of strains to be applied at an on-site region may be developed 
for expedited bioremedial recovery. 
1.3 Genome Sequencing of Dehalococcoides Strains 
 
Multiple methods exist for the closing of a genome; once a strain is identified and 
characterized, several scaffolds (long stretches of connected genomic data) are produced in 
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the process; however, the order in which they are connected may not be apparent. The innate 
methods for how DNA structure replicate naturally have served as the basis for developing 
ways to determine the order of scaffolds in a genome. Some methods for connecting the 
scaffolds include Sanger sequencing, which involves gel electrophoresis, illumina dye 
sequencing, which involves laser capture of released base pairs, and pyrosequencing, which 
involves the use of restriction enzymes to cut the DNA into deliberate fragments (Pettersson 
et al. 2009). However a genome is closed, the information gained can be used for various 
further analyses by laboratories wishing to conduct more elaborate experiments. 
Many purposes for sequencing a bacterial genome exist: in general, it allows 
researchers to more thoroughly determine how the genes work together in directing the 
growth, development, and maintenance of the cell. While many practical conclusions can be 
deduced from only the major sections of a genome, once an “incomplete” genome is closed, it 
becomes easier to study the operon structure, check how genes are regulated, and fix mis-
assemblies and low-coverage regions (Nagarajan et al. 2010). Information gained in 
understanding the roles of genes in Dehalococcoides bacteria can be transferable in the 
understanding of strains from other genera that possess similar genes. 
1.4 Optimization and Presence of Dehalococcoides in Wastewater 
Treatment Plants 
 
The expansion of human populations in urban and suburban regions has increased the 
amount of water pollution from human activity by multiple orders of magnitude over the past 
century. To preserve the conditions of the immediate environment and reduce the 
consumption of natural water resources, the development of wastewater treatment plants 
(WWTPs) has emerged to keep in check the effects of human activity with regards to washing 
of utilities, bathing, disposal of human waste, and recreational aquatic activities. As such, the 
function of a WWTP is to remove as many anthropogenic organic and inorganic constituents 
as possible before discharging the effluent into the environment for potential reuse. 
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A key segment of a wastewater treatment plant is its use of a diverse range of bacterial 
communities, known as activated sludge, in the biodegradation of organic and inorganic 
contaminants. Although the first activated sludge process was fully realized in the 1910’s, 
additional biological technologies such as biosorption tanks and membrane bioreactors using 
biofilm followed in the latter half of the century, further optimizing the treatment process 
(Lettinga et al. 1997). The role of a biosorption tank is to receive influent water and make use 
of bacterial cell surfaces to bind ionic contaminants to their surfaces via adsorption. 
Membrane bioreactors are installed later in the treatment process, which binds leftover 
organic floc and solids to a membrane of a specific surface type, eventually forming a biofilm 
that later captures residual organics. Applied properly, an MBR can replace the sedimentation 
and settling tanks usually used in traditional activated sludge processes (Lee et al. 2003).  
1.5 Thesis Objectives 
 
As per the sections displayed above, the primary goals of this research is to build upon 
current knowledge of various strains of genus Dehalococcoides with respect to transcription 
kinetics, genome closure, and the roles played, if any, in a wastewater treatment plant.  
The strain for which the transcription mechanics of a member of Dehalococcoides will 
be analysed is strain MB, whose full genome had been recently made available, building upon 
its first cursory transcription study. All of its potentially active RDase genes will first be 
detected for to ensure whether additional genes are active during dechlorination. Once 
complete, the transcription of active RDase genes will be temporally mapped to the reductive 
dehalogenation of chlorinated solvent PCE and its subsequent by-products. Genome closing 
will be performed on strain 11a, due to its recent discovery and lack of understanding of its 
genomic properties. Process is completed via multiplex PCR to sort the combinations of 
primers, and positive results are sent in to third-party Sanger sequencing for confirmation.  
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Finally, this study will assess the effects of changing certain parameters within both a 
biosorption tank and membrane bioreactor in an Integrated Validation Plant (IVP), while at 
the same time detecting for microbial communities that are capable of degrading chlorinated 
compounds in the wastewater. Parameter changes will be performed independently of one 
another in accordance with the Public Utilities Board directive, and wastewater samples will 
be retrieved from various points in the plant on a regular basis. Analyses for water quality 
parameters will include the use of Ion Chromatography, High Pressure Liquid 
Chromatography, a TOC separation machine, and a sulphide hach test reagent kit for 
detection of aquatic constituents. Bacteria from sludge samples will undergo DNA extraction 
and classification via a clone library and Sanger sequencing. Population dynamics are 
measured by RFLP analysis whose total numbers are compared between the first and final 
timepoints of sludge samples, and total quantities of Dehalococcoides are measured with 
quantitative Polymerase Chain Reaction. 
 
1.6 Thesis Organization 
 
This thesis is divided into the following sections: 
 
Chapter 2: Literature Review 
Chapter 3: Transcription Kinetics of Dehalococcoides strain MB 
Chapter 4: Genome Closing of Dehalococcoides strain 11a 
Chapter 5: Optimization of Wastewater Treatment and Detection of Dehalococcoides 












CHAPTER 2. Literature Review 
2.1 Kinetics of Bioremediation 
2.1.1 Introduction 
Industrial use of tetrachloroethene (PCE) and trichloroethene (TCE) for the purpose of 
metal and vapor degreasing, organic oil extraction, and induction of anesthesia began as early 
as the 1920’s, and has continued in some parts of the world until 2000 (Fenton 2000). Their 
properties as organohalides, consisting of central carbons bonded covalently with one or more 
halogen atoms, made them practical for such industrial use due to their non-corrosivity, 
tendency to resist flammability, and ability to dissolve in hydrocarbon solvents. Due to its 
performance and cost-efficiency, it surpassed other cleaning agents in the United States 
during the mid-20th century, including carbon tetrachloride (CTC), which was difficult to 
recover and often left metal surfaces susceptible to corrosion, and 1,1,1 trichloroethane, which 
lacked a stabilizing agent, producing corrosive by-products when reacting with certain metals 
such as aluminum (Hamby 1996). However, TCE’s popularity in combination with its low 
solubility in water meant that improper disposal or leaching would lead to its accumulation in 
groundwater and the environment. By the time its production peaked in the late 1960’s, public 
awareness of the harmful environmental effects and suspicious disposal of chlorinated 
solvents, in combination with the increasing frequency of reports on adverse health risks to 
both animals and humans, led to a gradual regulation of chlorinated ethanes, with TCE being 
one of the first to be controlled (Doherty 2000). Toxicity of these chlorinated solvents and 
TCE was not formally determined until 1976, when carcinogenic effects observed in rat 
studies prompted the United States’ Environmental Protection Agency (EPA) to place it on its 
Hazardous Substance List (USEPA 2002). Although a substantial reduction in the production 
of TCE followed shortly thereafter, its waste continued to be an environmental contamination 
problem due to its persistence in soil and groundwater, finding its way to drinking water wells 
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and to nearly two-thirds of all National Priority List sites (Hamby 1996). The primary danger 
posed by organohalides is the presence of the halogen (chlorine) groups, making them highly 
reactive under certain conditions and inducing carcinogenic effects (International Agency For 
Research On Cancer, 1997). As such, the removal of halogens from these compounds is 
imperative to reducing or eliminating the toxicity of organohalides, as well as their 
subsequent degradation products.  
2.1.2 Organohalide Respiration 
There exist multiple routes for carrying out organohalide dehalogenation. Glycolate 
dehalogenation, for instance, involves the addition of potassium polyethylene glycol in a 
reactor to combine with one of the halogens, producing an alkali metal salt. However, the 
reaction must occur at extreme temperatures (>150oC), requiring high costs to sustain the 
process on-site. Another route, base-catalyzed decomposition, uses sodium bicarbonate to 
catalyze a reaction with sodium hydroxide, cleaving the bonds and replacing the halogens 
with hydrogen (USEPA 2001), and because it requires a reactor operating at high 
temperatures (300oC), is often used in conjunction with thermal desorption (Ragaini 1994). 
Although both of the above routes have been successfully used in field tests, the nature of the 
processes requires ex-situ conditions which proves costly and time-consuming (USEPA 
1989). Advances in remediation techniques have gravitated towards in-situ processes, to 
minimize the costs of transportation to external plants and prevent contaminants from 
escaping into surrounding environments. Common in-situ methods include permeable reactive 
barriers, soil flushing, and microbial degradation (Perelo 2010). Microbial degradation can be 
done through either aerobic or anaerobic routes; in aerobic respiration, bacteria use oxygen as 
the electron acceptor and degrade inorganics such as nitrate and sulfate, and medium-density 
hydrocarbons such as petroleum products (Gabriel 1941). However, because oxygen is 
depleted in deeper zones of the subsurface, delivery of oxygen via enhancement techniques 
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such as biosparging and bioventing are required to stimulate the bacteria in order to continue 
metabolizing the compounds. In lieu of this, anaerobic respiratory bacteria can be applied in 
oxygen-limited environments, which use hydrogen as an electron acceptor to metabolize a 
wide range of chlorinated aromatic and aliphatic hydrocarbons (Hamby 1996). For reduction 
of organohalides specifically, reductive dehalogenation serves as the primary mechanism for 
the release of the inorganic halogens, a microbial process which releases the halogen groups 
as halides while simultaneously adding electrons to the compound. Two mechanisms behind 
reductive dehalogenation have been identified through numerous studies involving pure and 
mixed cultures sampled from environmental sediments. The first, hydrogenolysis, replaces the 
chlorine substituent with a hydrogen atom, followed by dihaloelimination, which removes 2 
halogens and adds an additional bond between their carbon atoms (Mohn and Tiedjie 1992). 
Certain microorganisms have been found to use reductive dehalogenation to generate energy 
for growth, by coupling it with electron transport-driven phosphorylation. Numerous bacterial 
phyla, including the Proteobacteria, Firmicutes, and Chloroflexi have been identified as 
containing organohalide-respiring bacteria with variable metabolic pathways, some of which 
are obligately organohalide respirators (Smidt and de Vos 2004). As such, a subset of the 
above phyla that specialize in dechlorination have been implemented as a bioremediation 
strategy for PCE or TCE-contaminated groundwater systems. 
2.1.3 Reductive Dehalogenases 
To catalyze organochloride respiration reactions, the genomes of these anaerobic 
bacteria must carry reductive dehalogenase (RDase) genes which are expressed upon the 
presence of appropriate substrates (i.e. chlorinated ethenes) before encoding for the enzymes 
responsible for triggering various steps in the dehalogenation process. Although most 
organohalide-respirating bacteria possess multiple RDase genes, not all are necessarily 
expressed during transcription − a gene may be present in several strains but only be active in 
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a small percentage of them. This may be due to other, uncharacterized RDase genes that 
enable functionality of the gene in question, or the gene itself being slightly modified when 
present in a specific strain (Lee 2013). Genera discovered to contain RDase genes responsible 
for reducing chloroethenes specifically include the Dehalobacter, Desulfuromonas, 
Sulfurospirillum and Dehalococcoides (Maymo-Gatelle et al., 1997; He et al,., 2003b, 2005; 
Duhamel et al., 2004; Smidt and de Vos, 2004), and the specific RDase genes associated with 
their reductive dehalogenation capabilities are the previously identified pceA, tceA, dceA, 
bvcA, vcrA, and cbrA genes. Mixed cultures of the aforementioned genera produce a 
combination of TCE, cis-dichloroethene (DCE), trans-DCE, vinyl chloride (VC), and ethene 
as end-products using these RDase genes, depending on the substrate used (Distefano 1992). 
For example, the isolated Dehalococcoides strain 195 reduces PCE and TCE (as substrates) to 
cis-DCE using the pceA gene, isolate FL2 reduces TCE to both cis- and trans-DCE using 
tceA, while isolates VS and BAV1 both reduce DCE and VC to the harmless end product, 
ethene, using the vcrA and bvcA genes, respectively. Although mixed cultures can reduce 
chlorinated ethenes more comprehensively and at a faster rate, experiments using pure 
cultures have provided additional insight to the exact mechanism behind gene transcription 
(i.e. time taken between appearance of substrate and production of enzyme). Because the full 
genomic sequences of these genes have been uncovered, many are further being used as 
biomarkers at remediation sites for monitoring purposes. 
Table 1: Dehalococcoides strains and their organohalide  
substrate(s), end product(s), and reductive dehalogenase involved. 
Strain Substrate(s) Product(s) rdhA(s) Reference 
BAV1 VC ethene bvcA He et al, 2003 
11a TCE ethene vcrA Lee at al, 2013 
195 PCE, TCE ethene pceA, tceA Gattell et al, 1997 
ANAS1 TCE, c-DCE, 1,1-DCE ethene, VC tceA Chow et al, 2011 
ANAS2 VC ethene vcrA Chow et al, 2011 
BTF08 PCE, TCE ethene tceA, vcrA, pceA Pöritz et al, 2013 
CBDB1 TCB, TeCB dichlorobenzene cbrA, Adrian et al, 2000 
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DCMB5 TCB benzene cbrA Pöritz et al, 2013 
FL2 TCE, c-DCE, t-DCE VC tceA He et al, 2005 
GEO12 TCE, CF ethene  Wang, 2013 
GT TCE, c-DCE, t-DCE, VC ethene vcrA Sung et al, 2006 
GY50 TCE, 2,4,6- TCP, PBDE c-DCE, 2,4-TCP pcbA1 Bedard, 2014 
MB PCE, TCE t-DCE, c-DCE dceA Cheng et al, 2010 
VS c-DCE, t-DCE, VC ethene vcrA Cupples et al, 2004 
 
2.1.4 Dehalococcoides Genus 
Although many bacterial species are capable of partially reducing PCE and TCE to 
cis-DCE, trans-DCE, and VC, these degradation products still exhibit toxicity, and sometimes 
even greater carcinogenicity, to humans (Maymo-Gatell 2001). Therefore, it is imperative that 
any bacterial consortium applied to a contaminated site minimizes the incidence of these 
intermediate products, and carries the reaction to its non-toxic final product, ethene, in the 
least amount of time possible. Based on field tests and observation of laboratory enrichment 
cultures, species Dehalococcoides of the Chloroflexi phylum has exhibited the highest 
conversion rates from PCE and TCE to ethene (Cupples 2008). Despite the difficulty in 
isolating and growing pure cultures for characterization of their physiology and optimal 
growth conditions, Dehalococcoides have received the most interest from research 
communities for further study of additional RDase genes responsible for key dechlorination 
steps as a result (Cheng et al., 2009). Thus far, 3 subgroups of the species have been defined 
based on either the alignment of the 16S rRNA gene or of the sequenced core genome of the 
strain itself: Pinellas, Victoria, and Cornell (Lee 2011). Common physiological traits of the 
Dehalococcoides species includes survival in strictly anaerobic conditions, usage of 
halogenated compound as an electron acceptor, and a fermentable electron donor as a source 
of hydrogen (Cupples 2008). Of the strains within the Dehalococcoides genus that produce 
DCEs, the most common pathway leads to the production of cis-DCE, although the 
prevalence of trans-DCE at many contaminated sites of both superfund sites in the United 
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States and in aquifers in Germany (Smidt and de Vos 2004), originally thought to be 
controlled by abiotic processes, has led to the investigation of biotic processes that are 
responsible for production of trans-DCE. In previous studies, various mixed cultures of the 
Dehalococcoides species have been shown to produce some trans-DCE (Loffler et al., 1997; 
Griffin et al., 2004; Miller et al., 2005; Kittelmann and Friedrich, 2008; Cheng and He, 2009; 
Cheng et al., 2010), but only recently was the strain MB found to be independently 
responsible for producing up to seven times as much trans-DCE as cis-DCE from either PCE 
or TCE during the final dechlorination step using a novel RDase gene, dceA (Cheng and He, 
2009). Based on a comparison of the 16S rRNA gene sequence, this strain belongs to the 
Cornell subgroup of Dehalococcoides, along with strain 195. Strain MB also has a doubling 
rate of about one day (~24 hrs) due to low electron consumption at each dechlorination step, 
uses acetate as a carbon source, and possesses none of the other common RDase genes found 
in other Dehalococcoides that reduce PCE and its degradation products (pceA, tceA, vcrA), 
indicating that its dceA genes alone are capable of producing both trans- and cis-DCE from 
PCE (Cheng and He, 2009).  
Table 2: Categorization of strain MB used for dechlorination of PCE 








2.1.5 Toxicity of PCE and TCE 
Because PCE does not have as many direct industrial uses as TCE, its prevalence in 
the environment is comparatively low. However, it is still a suspected carcinogen, classified 
as a Group 2A carcinogen by the International Agency for Research on Cancer (IARC) due to 
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developments of oesophageal and cervical cancer in US-based studies (Mundt et al. 2003), 
with some studies suggesting that the likelihood of developing Parkinson’s disease increases 
significantly when working in PCE-contaminated industrial environments (Goldman et al. 
2012). PCE also the tendency of releasing phosgene gas if used at high temperatures 
(>315oC), which is poisonous when inhaled, and disrupts the blood-air barrier, causing 
suffocation (Smith and Matthews 1994).  
TCE is far more abundant in the environment, and its side effects as an anesthetic as 
well as its ancarcinogenic properties, specifically with renal cancer, more thoroughly studied. 
When inhaled at high concentrations (>15,000 ppm) the compound induces tachypnea, 
resulting in heavy rapid breathing in patients. Cardiac arrhythmia, believed to be the primary 
cause of death from TCE, can result upon inhalation of as little as 15 ppm of the compound as 
it increases the heart’s sensitivity to epinephrine (Wise et al. 1983). Numerous studies in the 
latter half of the 20th century have linked workers with high exposure to TCE to increased 
incidences of renal cancer, after adjusting for age, smoking, and obesity. Proteins such as α1-
microglobulin, which serve as markers for renal cancer, are detected in higher quantities in 
urinary samples of such workers. Although epidemiological studies indicate only a loose 
correlation between acute TCE exposure and renal injury, long-term exposure to rats has 
resulted in high rates of cytomegaly and karyomegaly (Lock and Reed 2006). Above a 
concentration of 250 ppm, TCE also may induce nephrotoxicity in humans, which is damage 
to the kidneys such that excess waste cannot be properly excreted (Green et al. 2004).  
















PCE 165.83 Cl2C=CCl2 1.62 2.88 665 121 150 
TCE 131.39 ClCH=CCl2 1.47 2.29 160 86.7 1,550 
cis-DCE 96.94 ClCH=CHCl 1.28 1.86 35 60.3 3,500 
trans-DCE 96.94 ClCH=CHCl 1.26 2.09 59 47.5 6,300 
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DCE 96.94 CH2=CCl2 1.22 2.13 65 31.9 2,250 
VC 62.50 CH2=CHCl 0.91 1.38 8.2 13.37 1,100 
2.1.6 Technologies For Removal of PCE and TCE From Subsurface 
Although most developed countries have banned the use of PCE and TCE for 
industrial purposes after the 1970’s, minimization of continued on-site exposure to the 
compounds due to accidental spillage and poor storage practices is critical for the health of 
their communities. Various methods for the removal of both compounds have since been put 
into place, which include physical, chemical, and microbial techniques. Most chlorinated 
solvents are distributed in the vadose and saturated zones of the subsurface, with negligible 
atmospheric or aquatic discharge (Cohen and Ryan, 1985). 
Surface treatment technologies are primarily physical, with air stripping a key 
technology for TCE due to its low Henry’s Law constant. By applying a constant stream of air 
from a spray tower through either a soil section or contaminated water, the compound can be 
driven from solution to the atmosphere where it is dispersed to the point where the water is 
potable (USEPA 1992). Because the process merely transfers the compound to an 
atmospheric state however, air stripping is often combined with carbon adsorption in sensitive 
environments. TCE has a high affinity for unbound sites on granulated activated carbon 
(GAC), thus a separate panel of carbon placed immediately following the air stripping tower 
serves as an refinement step that addresses this shortcoming (Amy et al., 1987). 
The most effective subsurface technologies build on similar concepts but branch off to 
chemical and biological alternatives. Bioventing, which installs pipes extended vertically into 
the vadose zone, is an effective alternative to air stripping for both TCE and PCE, by pushing 
the vapors through sequential anaerobic-aerobic segments. This reduces PCE to form trans-
DCE and VC as final products, and although VC is considered to be even more toxic than 
PCE, its half-life in the system is purportedly less than 10 minutes (Mihopoulos et al. 2001). 
Regardless, it is often recommended to install a soil vapor extraction system above the target 
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region to prevent VOCs from escaping into sensitive areas. Chemical technologies include 
flushing the soil matrix in-situ with potassium permanganate (KMnO4) as an oxidizing 
reagent to rapidly dechlorinate both PCE and TCE to chloride and carbon dioxide by 
constructing controlled cells into the soil (Schnarr et al. 1998). Another chemical technology 
for PCE in particular is zero valent iron (Fe(0)), which serves as the source of electrons and 
induces pseudo first-order kinetics degradation when applied in aqueous solution. Certain 
modified iron surfaces such as nickel-plated iron have been shown to increase the degradation 
rate. Although this technology does degrade the subsequent by-product TCE, it does so at a 








Figure 1: Reductive dechlorination of PCE to TCE 
2.1.7 Application of Bioremediation 
Removal of chlorinated solvents via bioremediation possesses some advantages over 
physical and chemical removal; notably, physical means (volatilization) do not significantly 
reduce the volume or toxicity of the compounds, and chemical means induce excessive 
construction costs if done in-situ. In biological degradation, the possibility of completely 
degrading chlorinated solvents to harmless by-products makes the technology attractive, and 
may even produce cofactors that catalyze aforementioned chemical processes. Depending on 
the contaminant properties, different bacterial cultures may be applied based on their substrate 
preferences, metabolic degradation kinetics, and degradation by-products (USEPA 1992). 
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After identifying a suitable microbial culture, the in-field bioremediation process 
involves injecting both the culture and required substrates in premade wells to the subsurface, 
then passing any harmful by-products with an extraction fan and biofilter. Depending on the 
depth of contamination, both anaerobic and aerobic degradation can be applied to break down 
the solvents, although there may be additional resistance to aerobic degradation for 
compounds already oxidized (USEPA 1992). In some cases, breakdown of contaminants is 
already occurring in the subsurface, in which merely enhancing the natural process by adding 
specific electron donors, acceptors, or substrates can provide conditions that expedite the 
process (“enhanced bioremediation”) (USEPA 2001). Finally, in field studies, bioremediation 
has been shown to remediate not only the target area but also sections downgradient from the 
site of injection due to lack of a controlled soil section and autonomous degradation 
(Sherwood et al. 2001). 
2.1.8 Bacteria Involved With Reducing PCE and TCE 
In general, microorganisms responsible for the bioremediation of chlorinated solvents 
are single-celled, prokaryotic bacteria that obtain their ATP by converting it from ADP via an 
electron donor (i.e. substrate) and an electron acceptor. The process of transferring the 
electron to create new compounds is called reduction-oxidation, and most bacteria involved 
with applying this process to chlorinated solvents are classified as chemotrophs, although 
lithotrophs and autotrophs are also suspected to be involved in degradation (USEPA 2001). 
Besides the aforementioned Dehalococcoides group of bacteria, Dehalobacter, 
Desulfuromonas, and Desulfitobacterium are all also capable of dechlorinating PCE, TCE, or 
PCB to some extent (Löffler 2013). Although both PCE and TCE are degraded through 
reductive reactions, their byproducts DCEs and VC are most often degraded through 
oxidization reactions. This is due to PCE and TCE having so many chlorine-carbon bonds that 
bacteria are more likely to use them as electron acceptors. (Wiedemeier et al, 1987). 
 27 
 
Therefore it is critical to use a combination of dechlorinating and oxidizing strains when a 
wide range of chlorinated compounds are present. 
2.1.9 Transcription Study 
Determining the function behind the RDase genes of Dehalococcoides strains would 
require 1) knowing which substrate’s presence induces transcription of which specific gene, 
and 2) the maximum number of genes transcribed per cell until substrate depletion. Initial 
analysis of strain MB’s DNA revealed seven RDase genes, designated dceA1-7, and a 
subsequent transcription study conducted in 2010 revealed that three of the seven (dceA1, 
dceA6, dceA7) were shown to be functional and transcribed during reductive dechlorination of 
PCE. Since one of the genes, dceA6, was found to be more prominently expressed than the 
other genes (over twice as many copies produced than the next-most prevalent gene), it was 
given the designation mbrA. MbrA was expressed 10-fold five days after initial exposure to 
PCE, and was later found to appear in half of the trans-DCE-producing Dehalococcoides 
cultures; thus, it is suggested that mbrA is the primary gene responsible for the production of 
trans-DCE (Chow et al., 2010). Although this transcriptional analysis of strain MB has 
revealed that several new rdhA genes are functional, the exact transcript copies of the active 
genes per cell is still unknown, and the strain’s full genome has only recently been made 
available. Since the last transcription study, 26 new rdhA genes have been identified via a full 
genome sequencing of the strain, resulting in a total of 33 rdhA genes (as compared to the 
original seven), any of which could be further responsible for reductive dehalogenation of 
PCE (Unpublished). The aim of this study will be to utilize the newly sequenced genome of 
strain MB to reveal the function of the 26 additional rdhA genes provided by the sequence by 
checking for their transcription during dechlorination of PCE, and also present the number of 
transcripts of rdhA produced by each cell in response to the presence of PCE.  
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2.2  Genome Sequencing of Dehalococcoides Strain 11a 
2.2.1 Purpose of Genome Sequencing  
Knowledge of an organism’s DNA sequence is often critical information for carrying 
out basic biological research, such as identification of the proteins encoded for and making 
comparisons to other organisms in the local environment. Sequencing may involve putting 
into order the individual genes, large genetic regions (operons), chromosomes, or entire 
genomes depending on the situational requirements. Although many practical conclusions 
may be deduced from putting together only the major sections of the genome, only by 
sequencing the full genome can researchers be confident in understanding of how the genes 
work together directing growth, development, and maintenance of the entire microbe. 
Additionally, since genes do not necessarily account for all of the DNA in the genome, 
researchers can determine whether certain regions actually serve practical functions for the 
organism (De Jong 2002). Although the earliest methods for DNA sequencing were 
developed in the early 1970’s, advances in technology such as the development of 
recombinant DNA and pyrosequencing have made the process faster by multiple orders of 
magnitude in recent decades (Pettersson et al. 2009).  
2.2.2 DNA Structure and Replication 
On a structural level, DNA molecules comprise of two, anti-parallel strands of 
nitrogenous base pairs (adenine, thymine, guanine, and cytosine) fixed on a sugar phosphate 
backbone. The arrangement of these base pairs are responsible for coding for genetic 
information, and subsequent proteins and other functional molecules. Of the two strands, one 
is read for genetic information, while the other strand provides complementary structure by 
providing a matching base (A to T, G to C). The length of these anti-parallel strands in 
bacteria and microorganisms range between 100,000 to several million base pairs (bp). To 
replicate a DNA strand, the two anti-parallel strands are separated, then each is used as a 
 29 
 
template for creating a new pairing, effectively doubling the number of DNA. Primers are 
first bound to the individual strands to initiate extension, then the enzyme DNA polymerase 
acts as a catalyst to attach, in sequence, the bases A, T, G and C onto the growing strand 
(Watson and Crick, 1953).  
2.2.3 Genome Sequencing Methods 
The Sanger sequencing mechanism was the first sequencing method developed in 
1977, by Frederick Sanger at the University of Cambridge. His method required synthesizing 
DNA with a mixture of normal bases, dNTP, with fluorescently labelled modified bases, 
ddNTPs. A short primer is attached to the plasmid containing the DNA to be sequenced, then 
the series of the four bases add themselves using an enzyme while the modified bases serve as 
a way to block further strand synthesis. Once the reactions are carried out four times in 
parallel (once for each base pair), four families of new strands emerge each of which have 
differing lengths to be measured via gel electrophoresis (Sanger and Coulson 1975). 
Contemporary researchers continue to use the Sanger method for both small-scale projects 
and verification of results from newer methods due to its meticulous approach.  
Illumina dye sequencing, developed in 1997, relies on modified bases with an added 
unique fluorescent component for each base pair as well as a terminating component. Once 
the bases bind to sites on the template DNA, a laser is used to excite the fluorescent 
component and a photograph of its base is taken. Special chemicals are used to remove the 
dye and terminating group from the chain, allowing for another series of modified bases to 
bind to the template. This process continues until the full DNA molecule is sequenced (Meyer 
and Kircher 2010). 
The LS454 mechanism, alternatively known as pyrosequencing, was released in 2005 
by 454 Life Sciences and is currently the fastest known method of sequencing DNA. 
Restriction enzymes are used to cut the double-stranded DNA into smaller fragments, and 
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each fragment is anchored to a bead. Once they attach, the strands separate, becoming single-
stranded DNA which allows the fragments to be copied numerous times though PCR. 
Nucleotide bases are added stepwise to the mixture, and as each base incorporates itself into 
the DNA strand, the intensity of its emitted light (which is a measure of the number of each 
base) is detected with a camera and plotted on a graph. (Shendure and Ji 2008) 
2.2.4 Characteristics of Dehalococcoides Strain 11a 
The full genomic sequence of Dehalococcoides strain 11a is of importance due to its 
ability to metabolically convert trichloroethylene (TCE) and its breakdown products 1,1-
dicholoroethylene (DCE), trans-DCE, cis-DCE, 1,2-dichloroethane and vinyl chloride (VC) 
to the harmless final product, ethene (Lee et al. 2013). The reductive dehalogenase (RDase) 
gene, VcrA, is present in strain 11a and is used for encoding the enzymes that break down the 
products, and the vcrA transcript appears upon exposure to the aforementioned chlorinated 
solvents. The dechlorination rate of strain 11a occurs at roughly double the rate of previously 
reported strains at 258 nmol/min and produces four times as many transcripts, while 
possessing the same 16S rRNA gene sequence as strain BAV1 and the same functional gene 
as strains VS, GT, and ANAS2. Therefore, because other strains containing the VcrA gene are 
unable to dechlorinate TCE while strain 11a can (Cheng et al. 2010), uncovering its full 
genome sequence would be of practical use for further study as to what other sections of the 
genome provides this strain with a relative advantage.  
2.3  Wastewater Treatment Optimization 
2.3.1 Sources and Control of Wastewater 
Wastewater is defined as a combination of domestic and commercial sewage, 
stormwater, and industrial by-product that is carried by water and captured by urban runoff. 
Sewage is by definition waste produced by toilets, bathing, laundry, and culinary operations 
and may include household cleaners and medications. It may also be generated by non-
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domestic establishments, defined as any private or public structure, that produce domestic 
levels of waste. Industrial wastewater is water or liquid-carried waste from industrial 
processes such as manufacture, trade, washing, or medical activity that may contain toxic or 
hazardous constituents. Agricultural industries in particular can present nonpoint source 
pollution, due to sediment and nutrient runoff from various agricultural activities (USEPA 
2005). The wastewater flow and concentration levels are controlled by the municipality via 
either a: cluster system, which is the collection, treatment, and dispersal of sewage from 
multiple interconnected residences or facilities; decentralized system, which is the collection, 
treatment, and dispersal of wastewater from isolated residences or industries at the point of 
waste generation; or distributed sewer system, which is a wide area of wastewater treatment 
systems managed by entities and include all forms of treatment and dispersal (Tchobanoglous 
et al. 1991). 
“Strength” of wastewater is critical to the design of treatment systems, as industries 
with exceptionally high concentrations of organic and chemical constituents can affect the 
system through clogging or abnormal bacterial growth (Ndon 1997). This factor is typically 
calculated in units of concentration and is based on a function of 5-day biological oxygen 
demand (BOD5), total suspended solids (TSS), and fats, oils and grease (FOG) content, with 
exact formulas differing based on municipality (Ndon and Dague, 1997). Temporal variability 
also guides how influent is managed; for example, domestic discharge reaches its peak at 8:00 
and 18:00, thus the wastewater is either released at a controlled rate or a plant is designed to 
handle peak conditions. The amount of wastewater entering the treatment system is defined as 
the “hydraulic loading rate,” while the mass of BOD is defined as its “organic loading rate” 
and the mass of TSS as its “solids loading rate,” all of which influence the capacity of the 
system (Tchobanoglous et al. 1991).  
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Components of wastewater generally are divided into five categories: TSS; BOD5 and 
fats, oils and greases (FOG); pathogens (fecal coliform, viruses); nutrients (nitrogen, 
phosphorus); toxic chemicals. TSS are a measure of how much inorganic solids remain in the 
effluent after primary settlement, with typical values ranging from 50-90 mg/l. BOD5 is a 
widely used parameter measuring the amount of dissolved oxygen (DO) required by 
microorganisms to break down organic matter in wastewater during a 5-day incubation period 
at 20oC, and vary from 170-400 mg/l depending on the site. FOG originates from food 
products, cosmetic, and petroleum-based products and are typically separated from the 
wastewater stream early on due to its variable density. Pathogens are organisms, including 
viruses, that cause disease and are the most critical component to be removed, with fecal 
coliform serving as a common indicator of other pathogens and an average most probably 
number (MPN) of 1,000,000 cells per 100 ml. Two nutrients concerning wastewater 
dispersion are nitrogen and phosphorus, which not only pose toxicity threats to humans and 
animals, but can cause eutrophication in natural habitats. Toxic components of wastewater 
include pharmaceuticals, chemicals, and hazardous waste; these constituents may have 
additional adverse effects on the ecology and humans, and are usually required by the 
municipality to undergo special treatment or storage (Tchobanoglous et al. 1991). 
2.3.2 Physical Treatment of Wastewater 
Pretreatment is one of three physical treatments, which involves installation of bar and 
mesh screens to prevent large and bulky objects from becoming entrained in the pipelines, and 
a grit chamber for dense objects to settle to the bottom of a chamber. Both manually and 
mechanically cleaned racks are used for operation, with manually cleaned racks having 
openings of 25-50 mm and mechanically-cleaned racks openings of 5-25 mm due to the 
amount of intervention required to maintain efficiency. Smaller openings also require higher 
designed velocities of at least .6 m/s, while larger screens can function with velocities of .3-.6 
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m/s (Vesilind 2003) Typically, flowrate is then reduced from this value upon entrance to the 
grit chamber to the point where enough time for smaller particles can settle to the bottom of 
the chamber (USEPA 2004).  
Primary clarifiers are large tanks with a rotary skimming system used to separate the 
components of the wastewater according to density; heavier sludge are allowed to sink to the 
bottom of the tank for separate disposal, while lighter greases and fats rise to the top of the 
tank to be scraped off. Effluent is then discharged to a series of secondary treatment tanks, 
including a membrane bioreactor, for breakdown of organic components. When optimizing a 
primary clarifier, basin depth, effluent weir loading, and hydraulic overflow rate all determine 
particle removal efficiency as well as flocculation. In addition, larger, heavier SS settle faster 
than smaller SS, and higher temperatures that lower water density have been shown to 
increase the rate of settling (Vesilind 2003).  
As part of tertiary treatment, physical filtration through porous media is often 
implemented to remove residual suspended solids and even pathogens with minimum 
chemical interference. Materials for the mechanism generally come in two forms: sand 
filtration and carbon adsorption. Sand filtration involves a matrix of sand particles of varying 
sizes to trap suspended solids onto the open sites of particles, as well as biological floc which 
continue to decompose nitrogenous material (Rushton 1996). Carbon adsorption makes use of 
porous granular activated carbon, a strong adsorbent material which binds suspended particles 
to its surface, and is specifically designed to have a large internal surface area (500-1500 
m2/g). The mechanism is most practical for organic materials, compounds with low solubility, 
acidic waste streams, and thus have even shown efficacy in removing residual toxins 
(Vesilind 2003).  
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2.3.3 Biological Treatment of Wastewater 
Biological treatment involves the use of several smaller tanks installed in series and 
naturally-growing microbial communities to metabolically digest undesirable organic 
components into harmless byproducts. For domestic municipal purposes, a continuous flow 
suspended growth system utilizes bacteria suspended in the wastewater itself throughout the 
plant (USEPA 2002). Aeration tanks are the first and most commonly used type, with air 
blowers injecting oxygen through activated sludge at a constant rate to encourage the growth 
of aerobic biological floc. Through aerobic respiration, such organic dissolved solids are 
typically oxidized to carbon dioxide, while nitrogenous dissolved solids are eventually 
converted to nitrate; in successive tanks, some nutrients such as those containing sulphur and 
phosphorus can also be converted to sulphates and phosphates, respectively (Bolong et al. 
2009). Feeding species contained in the floc are largely composed of saprotrophic bacteria as 
well as protozoan flora; these include polyphosphate-accumulating organisms, glycogen-
accumulating organisms, nitrifying bacteria, denitrifying bacteria, and ammonia-oxidizing 
bacteria and archaea. To ensure reliable operation, sludge content parameters monitored 
include sludge volume index, mean cell residence time, food to microorganism ratio, as well 
as major nutrients DO, BOD, and COD (USEPA 2004).  
Anoxic tanks are defined as sections along the plant whose DO levels are kept below 
0.5 mg/l, such that the supply of oxygen is surpassed by the microbial community’s oxidation 
rate of organic matter (Eckenfelder 2014). Due to the lack of air spargers, and an immobile 
environment with an SRT of five to six hours, anoxic tanks are less costly than traditional 
aerobic tanks and less susceptible to changes in temperature. As such, only bacteria that rely 
on anaerobic respiration pathways such as fermentation are grown, and reductive processes, 
rather than oxidative processes, dominate. In general, the end-products consist of organic 
acids; organic compounds from the previous step, if any remain, are converted to methane, 
nitrogen compounds to ammonia, and Sulphur-containing compounds to hydrogen sulphide 
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(methanogenisis, acidogenisis, and sulphate reduction, respectively) (Lettinga 1997). Anoxic 
tanks are also where waste sludge collected from various parts of the plant is anaerobically 
digested prior to disposal, producing potentially useful byproducts such as methane gas from 
aromatic compounds and carbon dioxide (Healy and Young 1979). 
Although aerobic floc features a metabolic rate ten times greater than that of anaerobic 
floc, sludge requires a consistent balance of microorganisms to ensure active nutrient removal 
rates. Bacteria make up the majority of the microorganisms present in activated sludge, and 
can be categorized as either aerobic, anaerobic, or facultative depending on their metabolic 
pathways. Their primary role is to remove nutrients and decompose organic material by 
converting them to harmless by-products, although most anaerobic bacteria do release 
hydrogen sulphide and methane gas (Glymph 2011). Some types of multicellular 
microorganisms present in activated sludge include stalked ciliate protozoa, which include 
vorticella, epistylis, and opercularia and are present when there is a low to medium loading of 
food with respect to the amount of biomass available, and help reduce turbidity. Protozoa are 
also most commonly used as indicators of wastewater constituent changes (Lee et al. 2004). 
Filamentous bacteria in the wastewater include parvicella, nocardia, and thiothrix, and appear 
when there is little sludge load, an uneven composition of wastewater components, or 
unstable flow, as the bacteria attain high growth rates even with low levels of oxygen and 
substrate. Although their efficient nutrient uptake is advantageous in some situations, it does 
result in less sludge settling, and leaves behind sludge that floats and bulks, making removal 
more difficult (Mielczarek 2012).  
2.3.4 Membrane Bioreactor Technology 
Membrane bioreactors (MBR) have, in recent decades, served as auxiliary components 
to traditional WWTP methods due to the reduction of time and physical space required. By 
passing activated sludge through porous fiber tubes lined with hollow membrane material, 
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pure liquids are allowed to pass through while solids and biomass are retained in the activated 
sludge tank. Polyvinylidene fluoride (PVDF), olyacrylonitrile (PAN) and polyethylene (PE) 
are among the membrane materials used in the tubing (Meng 2009). Since these membrane 
modules are capable of permeability (ranging from 8 to 180 Lm-2h-1bar-1) in a one-step 
process, they often replace, in whole or in part, sludge separation in a settling tank via 
clarification (Lee et al. 2003). Schemes incorporating MBR submerge the membranes within 
the activated sludge mixture, increasing the concentration of microbial activity within the 
sludge, which can then be returned to preceding tanks and improve overall treatment 
performance. The primary disadvantage facing MBR technology is fouling of the membrane, 
which declines the permeate flux and increases costs of maintenance, although some studies 
suggest that higher SRTs and reduction of supernatant can mitigate the issue (Meng 2009).  
2.3.5 Tertiary Disinfection of Wastewater 
Tertiary treatment is required to remove remaining elements such as nitrogen, 
phosphorus, viruses, and compounds that may be specific to the constitution of the 
wastewater (such as heavy metals, detergents, or pesticides) that are unable to be removed 
during physical or biological treatment. Most importantly, disinfection is required to remove 
the majority of microorganisms remaining from the activated sludge process; once the 
microbial community has removed harmful nutrients in aerobic and anoxic environments, 
they must be removed before being discharged as effluent into the environment. In most 
cases, disinfection involves the injection of a chlorine solution to the effluent, although 
alternative technologies have involved the application of ozone or ultraviolet radiation 
(USEPA 2004).  
As a halogen, chlorine is highly effective at killing disease-causing pathogens 
including bacteria, viruses, and protozoans. Once converted from NaCl to liquid form via 
pressurization, the solution is injected into rectangular channels for practical purposes, in 
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dosages ranging from 5 to 15 mg/l, and with a contact time ranging from 30 to 120 minutes 
depending on the strength of wastewater. Chlorine then oxidizes the organic molecules 
associated with cell walls, penetrating the lipid surfaces and reacting with intracellular 
components such that the cells either die or are unable to multiply (Calderon 2000). The 
primary disadvantage of chlorine use is its tendency to react with organic compounds in the 
effluent or environment, creating harmful disinfection byproducts, the most serious being 
trihalomethanes and haloacetic acids. These products are considered human carcinogens and 
are tied to heart disease, resulting in most water treatment plants closely monitoring the 
concentration of chlorine injected (WHO 2006).  
Application of ultraviolet light or ozone for disinfection avoids the drawbacks of 
disinfection byproducts, while also getting rid of residual microorganisms and dissolved 
organic material leftover from secondary treatment. Their efficacy is dependent on pH, 
contact time, effluent temperature, and even turbidity, and is historically incorporated at a 
higher cost. Ultraviolet light lamps, submerged in the effluent, distort or destroy nucleic acids 
directly, and is even effective against certain microorganisms that chlorine does not affect, 
such as cryptosporidium and giardia. However, a higher contact time is required if the water 
exhibits high turbidity (Andreadakis 1999). For ozone treatment, a high voltage current 
(ranging from 6 to 20 kilovolts) is applied to the effluent, and oxygen molecules are combined 
to form the gas which decomposes rapidly into the free radicals hydrogen peroxy and 
hydroxyl. Like chlorine, ozone and its free radicals oxidize the microbial cell walls, and also 
damage the constituents of nucleic acids. The primary disadvantage of ozone disinfection is 
its high initial cost and complexity of setup, and lack of effectiveness in low dosages or 





































CHAPTER 3. Transcription Kinetics of 
Dehalococcoides Strain MB 
 
3.1 Materials and Methods 
3.1.1 Chemicals and Cultures 
 
Chlorinated compounds and general reagents were purchased from either Sigma-
Alrich (St. Louis, MO, USA), Promega (Madison, WI, USA), BioLabs (Ipswich, MA, USA), 
or Bio-Rad (Hercules, CA, USA) as indicated. Parent microbial culture MB was originally 
obtained from the San Francisco Bay Area, USA, while e. coli competent cells were obtained 
from Thermo Fisher Scientific (Waltham, MA, USA). 
3.1.2 Preparation of Sterile Equipment  
 
Before creating medium for the purpose of cultivation, thirty 160-ml glass serum 
bottles and rubber caps were thoroughly washed with 99% ethanol, 5% decon90, and reverse-
osmosis (RO) water and let sit for 2 hours. After rinsing, all bottles were left to dry in a 200oC 
oven for 1 hour. All tools, devices and stoppers hereafter were sterilized via ethanol and 
flaming before initiation of microbial work. 
3.1.3 Preparation of Media 
 
Table 4 shows how liquid culturing media was created in strict anaerobic conditions, 
enough to provide 100 ml of media per 160 ml bottle. The following constituents were added 
to ultrapure water in one 1-L flask: 
 
Table 4: Trace metals used for medium preparation [per 1L]: 
Reagent Amount 
Salt solution  10ml  
Trace solution  1ml  
Se/W solution  1ml  
Rezasurin  0.25ml  
TES buffer  2.292 g  
10mM acetate  1.36 g  
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NaHCO3  2.52 g  
L- Cystiene  0.0242 g  
Na2S  0.048 g  
DTT (Dithiothreitol)  0.0771 g  
 
Stock dilution with ultrapure water factors: trace solution was diluted 1000x, Se/W 
solution diluted 1000x, and salts solution was diluted 100x: 
 
Table 5: Salts Solution used for medium preparation (100×) 
Chemicals Used Amount (1x g/L) Amount (100x g/L) Amount (g/100ml) 
NaCl 1.0 100.0 10.0 
MgCl2
.6H2O 0.5 50.0 5.0 
KH2PO4 0.2 20.0 2.0 
NH4Cl 0.3 30.0 3.0 
KCl 0.3 30.0 3.0 
CaCl2
.2H2O 0.015 1.5 0.15 
 
 






HCl (25% solution, w/w) 10 - 
FeCl2
.4H2O - 1.5 
CoCl2
.6H2O - 0.19 
MnCl2.4H2O - 0.1 
ZnCl2 - 0.07 
H3BO3 - 0.006 
Na2MoO4
.2H2O - 0.036 
NiCl2
.6H2O - 0.024 
CuCl2
.2H2O - 0.002 
 










The first 6 components were added to the flask upon heating and filtered nitrogen gas 
was injected at 1.5 atm to purge oxygen from the media. The solution was allowed to boil for 
20 minutes before cooling separately for 10 minutes. A sterile magnetic stirrer was inserted to 
mix the solution while an additional CO2 gas line was added such that the ratio of CO2 to N2 
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being delivered was 1:4. pH was tracked with a probe and kept steady at 7.1 by adding either 
hydrochloric acid or sodium bicarbonate.  
Once cooled to room temperature, NaHCO3 and the 3 reducing reagents were added to 
the media. For safety purposes, an N95 mask and ceiling fume extraction arm were kept in 
use at all times during handling of reducing agents.  
Table 8: Reductants and buffering agents used for medium preparation 
Chemicals Used Amount (g) 
0.2mM L-cysteine 0.0242 
0.2mM Na2S
.9H2O 0.048 






100 ml of media was poured into 24 60-ml culture bottles using a rubber hose and syringe 
under continual N2 flushing. Bottles were purged for an additional 20 seconds before sealing 
with rubber septum and aluminium cap to ensure no oxygen or leakages. Bottles were then 
autoclaved and stored in a dry place at room temperature. 
 
Autoclave Mode: Liquid 
1. ramp - up from 21oC for 40 mins 
2. held - at 121oC for 20 minutes 
3. cooldown - rest at 50oC  
  
For storage of nitrogen and hydrogen gas, two sterile 250-ml glass bottles were 
vacuumed and flushed with either N2 and H2 gas for 5 minutes to remove all atmospheric air. 
Bottles were then sealed with a rubber septum, and filtered N2 gas and H2 gas were added at 
1.5 bar until the bottles reached equilibrium. 
3.1.4 Injection of Vitamins and Solvents: 
 
All steps hereafter were performed under a bio-safety cabinet (BSC) to minimize 






Table 9: Vitamin and vitamin B12 solution used for growth of culture (1000×) 
Vitamins Final Concentration (mg/L) 
Biotin .02 
Folic acid .02 
Pyridoxine hydrochloride .1 
Riboflavin .05 
Thiamine .05 
Nicotinic acid .05 
Pantothenic acid .05 
p-aminobenzoic acid .05 
Thioctic acid .05 
Vitamin B12 .001 
 
200 µl of vitamin stock mixture was filtered and injected to each bottle of media. 40 
ml of H2 gas was also injected to serve as the electron donor for all replicates, while PCE (and 
eventually) TCE serves as the electron acceptor. 
5 µl of PCE (purity >99.5%) was injected in 9 of the bottles to achieve a final 
concentration of 50 µM of the solvent per bottle; 3 bottles were left as no-solvent controls to 
monitor for potential reductive dehalogenase activity without the presence of PCE. Bottles 
containing solvents as well as controls were plugged with septums made from chlorobutyl to 
prevent solvent volatilization. Bottles were shaken and left in a rotating incubator overnight to 
homogenize the contents.  
3.1.5 Inoculation of Bacteria 
 
Mother cultures were inoculated at 1% vol/vol in 160 ml serum bottles injected with 
chlorinated solvents and grown to completion or until population levels flattened out. Cells 
were then starved, and 9 of the bottles were injected with 5 ml of mother MB culture to 
achieve a final concentration of 5% vol/vol per bottle; 3 bottles were left without inoculation 
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to serve as abiotic controls to monitor for potential non-biological dehalogenation. All 12 
bottles were stored in a 31oC incubator.  
3.1.6 Gas Chromatography 
 
 Because the products of interest are of an organic species and contain 
concentrations at low levels, a gas chromatographer (GC-7890A, Agilent, Wilmington, DE, 
USA) equipped with a flame ionization detector (FID) and capillary column (Restek Rxi®-
5ms, 15m x 250 um x .25um, Bellafonte, PA, USA) was used for detection of solvents. 100 µl 
of the gas from the headspace of each bottle was drawn with a twist-lock gastight syringe 
(Hamilton, Reno, NV, USA) and manually injected into the GC-FID for analysis.  
 Injections were carried out once per day following inoculation for bottles 
containing both solvents and cultures, while abiotic and solvent-free controls were carried out 
once per week. Withdrawal of media for the purpose of DNA and RNA extraction took place 
immediately after every GC run.  
 To find the retention times of each compound, injections of PCE, TCE, cis-
DCE and trans-DCE were carried out using the highest-concentration of their standard curve 
bottles. The 9 bottles containing PCE-only were categorized by magnitude of area and bottles 
with amounts in ranges closest to one another were inoculated with strain MB to ensure 
consistency across replicates. 
 
Table 10: Gas chromatographer operation parameters 
Parameter Operation Setting 
Injection Mode Split (ratio 2:1) 
Port Temperature 220oC 
Carrier Gas Helium  
Column Flow Rate 12.2 ml min-1 
Initial Temperature 50oC (hold 1 minute) 
Rate of Increase 30oC min-1 






3.1.7 Cell Harvesting and Nucleic Acid Extraction 
1 ml and 1.5 ml samples for DNA and RNA respectively were withdrawn immediately 
proceeding GC runs and centrifuged at 8,000 G for 15 minutes in DNase/RNase-free 
microcentrifuge tubes. Supernatant was withdrawn from each until 60 µl of sample remained. 
Cell pellets intended for RNA were resuspended in 150 µl Trizol Reagent (Life Technologies, 
Grand Island, NY, USA) and stored at -80oC while samples for DNA were stored at -20oC.  
Genomic DNA extraction was performed using the DNeasy Blood and Tissue Kit 
(Qiagen GmbH, Hilden, Germany) and Purification From Total DNA protocol. Modifications 
include: 1. adding 45 µl of proteinase K instead of 20 µl 2. adding 20 µl of 100 mg/ml of 
lysozyme in same step 3. adding 10 µl of 25 mg/ml achromopeptidase in same step 4. EB 
incubation period of 5 minutes instead of 1 minute. 
RNA extraction was performed using the RNeasy extraction kit protocol (Qiagen 
GmbH, Hilden, Germany) with 2 µl of Luciferase control RNA (Promega, Madison, WI, 
USA) per tube at a concentration of 108 copies/µl to control for losses of mRNA during 
extraction, reverse transcription, and quantification. For final elution of RNA 30 µl of RDase-
free water was added, incubated for 5 minutes and centrifuged at 12,000 G for 1 minute.  
Extracted RNA was then reverse-transcribed to cDNA using the two-step RT-PCR 
Sensiscript Kit (Qiagen, GmbH, Hilden, Germany) such that 13 µl was incubated in a final 20 
µl reaction at 37oC for 3 hours. cDNA was then stored at -20oC to be later normalized to 
luciferase quantities and variations among samples.  
3.1.8 Clone Library for Identification of Genes 
 
To ensure that the correct gene fragment would be targeted in qPCR reactions (dceA6, 
or “mbrA”), a clone library was carried out with a total of 33 primer sets targeting each rdh 
gene available in literature. Primers were ordered from Integrated DNA Technologies 
(Coralville, IA, USA) in powder form before being amended with EB buffer and stored at -
20oC. Primer sets were chosen based on phytogenic tree similarity, screened through 
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blue/white X-Gal screening (Promega, Madison, WI, USA) and amplified via PCR using 
reagent list and thermal cycle as described. Bands were visualized on a Molecular Imager Gel 
Doc XR System (Bio-Rad, CA, USA) and sets were matched based on the expected band 
sizes of the insets as per literature. PCR product was purified using an Expin SV, 200p DNA 
Cleanup Kit (Geneall, Seoul, South Korea) following the centrifugation protocol and eluting 
with 30 µl of EB buffer before being quantified via NanoDrop ND-1000 (Thermo Scientific, 
Willmington, DE, USA) for ligation. The confirmed primer set targeting the mbrA gene was 
stored at -20oC. 
Table 11: PCR reagent list for clone library 
Reagents Final Conc. /tube 
Molecular H2O variable 
GoTaq Flexi Buffer 1x 
dNTPs (10 mM of each) .2 mM 
MgCl2  6 mM 
BSA .13 mg/ml 
Go Taq Enzyme .025 units/µL 
F Primer  .5 µM 
R Primer  .5 µM 
DNA Template  25 ng/µl 
 
 
Table 12: PCR thermal conditions for clone library 
Process Temperature (oC) Duration 
Initial Denaturation 94 2’ 
Denaturation* 94 20”  
Annealing* 51 20” 
Extension* 72 30” 
Final Extension 72 6’ 
Storage 4 - 
*The denaturation, annealing, and extension phases were cycled 35x.  
 
3.1.9 Quantitative Real-Time PCR 
To quantify the number of genes expressed at specific time points during the growth 
phase of strain MB, a quantitative real-time PCR (qPCR) system targeted mbrA, 
Dehalococcoides 16S rRNA, and luciferase gene in duplicates using an ABI 7500 Fast real-
time PCR System (ABI, Foster City, CA, USA). Reactions were carried out with the 
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Evagreen SSoFast Lo-ROX PCR master mix (Bio-Rad, Hercules, CA, USA), plasmids 
containing aforementioned targets as template, and other reagents as shown in 10 µl volumes. 
Thermal cycle was conducted as shown and melt curves were used to confirm primer 
specificity. Wells with no-template controls were used to account for potential reactions 
without added targets. Fluorescence data was collected by the machine after each annealing 
step and mapped to a standard curve ranging from 2.7E0 to 2.7E8 molecules/µl depending on 
target concentration, with an R2 linear regression value of .95 or greater. The targets luciferase 
and 16S rRNA genes served as controls for mRNA loss and per-cell quantity housekeeping, 
respectively.  
Table 13: Reagent list for qPCR Runs 
Reagents Volume per Tube (µl) 
Molecular H2O 3.14 
2X SSoFast Evagreen Lo-ROX mix  5.00 
10 µM F primer  .40 
10 µM R primer .40 
BSA (20 mg/mL) .06 
Template (undiluted) 1.00 
 
 
Table 14: Thermal conditions for qPCR runs 
Process Temperature (oC) Duration 
Initial Denaturation 98 3’ 





(for 16S / Luciferase) 
60 40” 
* Denaturation and annealing phases were each cycled 40x 
 
3.2 Results 
The end-goal of this study was to match the transcription levels of the reductive 
dehalogenase gene mbrA to the dechlorination kinetics of tetrachloroethylene. As such, the 
chromatograms produced by the chlorinated solvents in the gas chromatographer were 
overlaid with the real-time appearance of the target gene over an identical period of time. 
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3.2.1 Development of Standard Curves for Chlorinated Solvent Degradation 
 
To draw a relationship between the areas produced under the chromatogram curves of 
the GC-FID to respective product concentrations, as well as identify which solvent each 
retention time from the chromatograms corresponded to, standardized curves containing only 
either PCE, trichloroethylene, cis-1,2-dichloroethene or trans-1,2-dichloroethene were created 
at various concentrations and run under identical conditions. 
Table 15: Standard curve target concentrations for strain MB 







Table 16: Molecular weight of relevant chlorinated compounds 






Five standard curves for each chlorinated solvent or degradation product were made in 
160 ml bottles by measuring the change in mass upon injection of varying volumes of the 
compound to 100 ml of ultrapure water and converting to concentration using their molar 
masses. Although target concentrations are provided above, only actual final concentrations 
were used as the final values for accuracy. All standards were left in a 31oC incubator to let 
equalize over a period of 24 hours. Standards were then run twice 8 hours apart and averages 
between the runs (as well as retention times) were taken to develop the curves. Curves 
exhibited a R2 linear regression value of .94 or higher.  
To ensure accuracy and compensate for non-biological degradation, standard curves 




Table 17: Retention times of relevant chlorinated compounds 































Figure 3: Actual 4-point standard curves for all four relevant chlorinated solvents over time 
as detected by GC machine, with an average R2 value of .947. A) standard curves for PCE B) 
standard curves for TCE C) standard curves for cis-DCE D) standard curves for trans-DCE 
 
 
3.2.2 Metabolic Dechlorination by Strain MB 
 
All 6 replicates containing both PCE and strain MB were inoculated at time zero and 
headspace was sampled 6 hours later. Thereafter, GC-FID runs were conducted every 24 
hours on replicates MB1-6, and weekly for abiotic and solvent-free controls. Sampling 




















































Due to the presence of the gene encoding for mbrA and consistent with findings in 
previous literature, all replicates of strain MB exhibited full dechlorination of PCE and its 
subsequent degradation product TCE to the final products cis- and trans-DCE. The most 
effective dechlorination rates occurred in MB3 (378 hours), while the slowest occurred in 
MB6 (460 hours), with an average of 414 hours for the reaction to complete across all bottles. 
During dechlorination of PCE, TCE reached a peak concentration of ~18.3 µmol/bottle at 350 
hours, while trans-DCE and cis-DCE reached peak concentrations of 24.65 and 4.80 
µmol/bottle respectively at the final timepoint of 450 hours. This is consistent with literature 






















Figure 4: Dechlorination kinetics of PCE using culture MB (averaged across 3 bottles) 
 
 
Average standard deviations of 1.83, 1.29, 0.21, and 0.68 µmol/bottle were exhibited 
for PCE, TCE, cis-DCE and trans-DCE respectively throughout the experiment. Abiotic 













Figure 5: Pathways to the dechlorination of PCE 
 
3.2.3 Transcription Patterns of Dehalogenase mbrA in Strain MB 
 
To determine at what points during metabolic dechlorination the rdhA gene mbrA was 
functionally active and whether other rdhA genes could be implicated in dechlorination 
activity, quantitative polymerase chain reaction (qPCR) was used to quantify the number of 
transcripts produced at each timepoint using extracted RNA and DNA. The quantities are then 
mapped to the kinetics of PCE dechlorination to see at which points mbrA expression is 
highest and whether it correlates to the breakdown of both PCE and TCE or another rdhA 
gene is involved. 
Each target gene (16S rRNA, mbrA, and luciferase) had a standard curve created from 
its original plasmid concentration quantified via Nanodrop (1.05E11, 7.03E10, and 6.04E10 
ng/µl, respectively) and diluted stepwise until reaching a range of 100 to 1E108 ng/µl. As 
previously mentioned, 16S rRNA is used to compensate for raw cell growth and maps 
production of rdhA transcripts to each cell, and luciferase is used due to use of cDNA as 
template which exhibited losses during RNA extraction.  
Expression of rdhA transcript mbrA first occurred at t=42 hours with 2 transcripts per 
cell, and peaked twice at t=186 hours and t=354 hours before PCE and TCE were fully 
dechlorinated. The maximum transcription quantities at these points were 5.6 and 6.9 
copies/cell, respectively, and corresponded with the initial conversion to TCE and the start of 
TCE breakdown; while PCE breakdown does accelerate at the second peak, it decreases 
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consistently throughout the process starting from when mbrA first appears. This suggests that 
mbrA is responsible for both stages of PCE dechlorination: the conversion of PCE to TCE, 













































It is worthy to note that a delay existed between the appearance of the mbrA transcript 
and the respective effect on the kinetics – rapid dechlorination of PCE and significant 
production of trans-DCE each do not start until about 12 hours after peak mbrA production.  
To check whether other rdhA genes played a role during dechlorination, CT values 
were compared between a beginning timepoint (28 May), middle timepoint (4 June) and a no-
template control for every viable set of primers. In theory, lack of transcription results in high 
CT values (35+), and a strong deviation from this number implicated appearance. After every 
primer set was tested for, only one set besides mbrA displayed a notable difference in CT 
between the two timepoints (36.2 vs. 29.4). However, upon running the set in a full qPCR 
across all timepoints and normalizing the quantities to housekeeping genes, no significant 
transcription of the gene was detected (data not shown).  
3.3 Discussion 
By using a combination of gas chromatography and quantitative polymerase chain 
reaction, this study successfully reports temporal mechanisms behind the dechlorinating 
capabilities of a prevalent strain of Dehalococcoides, strain MB. Tetrachloroethylene, or PCE, 
was produced in high amounts in the 1980’s primarily as a dry cleaner for fabrics, before later 
being classified as a Group 2A carcinogen, indicating that it is likely carcinogenic to humans, 
as well as possessing numerous other harmful side effects. As approximately 15% of all 
disposed PCE arrives in soil and water environments, remedial cleanup efforts using 
microorganisms is a viable option for removal of this contaminant (Mundt et al. 2003). Strain 
MB, which is a member of the Cornell subgroup of Dehalococcoides based on 16s rRNA 
phylogenetic analysis, has been found to dechlorinate PCE to primarily trans-1,2-
dichloroethene (Cheng et al. 2010). Although many reductive dehalogenase genes were later 
found in strain MB, a preliminary transcriptional analysis determined that only one, dceA6, 
was a functional RDase gene upon contact with PCE (Wai Ling Chow et al. 2010). However, 
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the study only observed per-cell fold transcription of this RDase gene, as the complete 
genome of strain MB was unavailable. 
 The release of the complete genome of strain MB has revealed the presence of 
approximately 30 other potential RDase genes, and this study used quantitative polymerase 
chain reaction to determine whether any of the other genes were actually produced in the 
presence of PCE. Now, the total number of transcripts of rdhA produced by each cell in 
response to PCE can be determined. By using CT values of duplicate unknowns in the qPCR 
for beginning (no upregulation) and middle (high upregulation) timepoints and comparing 
them to a no-template control, it was determined that only one primer set exhibited a 
significant enough change in CT values between the two timepoints to warrant further qPCR 
analysis: those targeting dceA6, otherwise designated as mbrA. This confirms not only that 
one RDase gene is active within the genome of strain MB, but that it is solely responsible for 
the stepwise dechlorination of PCE to TCE, and later TCE to cis- and trans-DCE.  
 Therefore, two components of this study were compared to form a complete picture of 
transcription analysis of strain MB: the concentrations of PCE, TCE, cis-DCE and trans-DCE 
in standardized culture bottles over a period of two weeks, and the concurrent appearance of 
the RDase gene mbrA derived from extracted DNA of strain MB. In both control bottles, one 
of which contained PCE only and the other of which contained strain MB only, 
concentrations remained unchanged, confirming that the bacterial culture alone is responsible 
for the change in PCE levels (Figure 4).  
 Gas chromatography via manual injection provided a means to observe the 
degradation patterns of PCE to its TCE, cis-DCE and trans-DCE products (Figure 5). 
Although a decrease in PCE was observed in the first 150 hours, production of TCE did not 
begin until after 150 hours. This suggests that PCE is somehow unable to be detected by gas 
chromatography while it is being metabolized by the bacteria, leaving it in limbo before being 
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converted fully to TCE before being detectable again (Figure 6). The next major step in 
dechlorination is the decrease in TCE before being converted to primarily trans-DCE, in 
which it reaches its peak at 350 hours, while the rate of PCE degradation increases further 
even through the production of trans-DCE has already started. During the conversion of TCE 
to trans- and cis-DCE we do not observe again a phenomena in which the precursor is 
observed to be degrading even when the subsequent product has not been detected yet. This is 
likely because while some trans-DCE is being produced from TCE, there is still enough PCE 
in the system to continually compensate for the degradation of TCE to keep its rate of change 
positive. Overall across all replicates, degradation of the harmful solvents PCE and TCE took 
approximately 450 hours, or 19 days, which is typical of the speed of dechlorination for strain 
MB (Cheng et al. 2010) 
 Extraction of the DNA of strain MB concurrent with degradation of PCE provided 
insight into how closely the role of RDase gene mbrA played a part in degradation kinetics. 
Upregulation started quickly, at approximately t=45 hours, in which a dip in PCE levels soon 
followed (Figure 6). This was followed by two noticeable peaks in transcription throughout 
the 19 days; once just before the start of TCE production, and again just at the peak of TCE 
concentration. These patterns confirm that the RDase gene presides just before critical 
processes appear, with a buffer time of approximately 15 to 20 hours. This buffer time is 
likely due to the time lag which mbrA must take in order to encode for the proteins (enzymes) 
to be produced before they can metabolize the chlorinated solvents. While this study observed 
the production of these RDase genes, it did not detect for the proteins or enzymes themselves. 
Once a high amount of trans-DCE was produced, production of mbrA dropped off, suggesting 
that a different RDase gene from another strain would be required for subsequent degradation 




CHAPTER 4. Genome Closing Of Dehalococcoides 
Strain 11a 
 
4.1 Materials and Methods 
4.1.1 Chemicals and Cultures 
 
General reagents for PCR were purchased from Sigma-Alrich (St. Louis, MO, USA), 
Promega (Madison, WI, USA), BioLabs (Ipswich, MA, USA), or Bio-Rad (Hercules, CA, 
USA) as indicated in appendix with a minimum purity of 99.5%. Microbial culture 11a was 
grown under strict anaerobic conditions in 160 ml serum bottles containing 100 ml of media 
and sealed with butyl rubber stoppers. Anaerobic medium was prepared as described 
previously, and cultures were grown and maintained at 31oC in defined mineral salts media 
and trace element solution. Media was amended with 50 µM of TCE and a vitamin solution 
for growth, and sterile hydrogen gas to act as an electron donor as described previously.  
Cultures were grown to completion (i.e. all chlorinated compounds were converted to 
ethane) over the course of one week and cells were harvested for DNA extraction. Extraction 
was performed using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) as 
previously described. All nucleic acids were quantified via NanoDrop (Thermo Scientific, 
Willmington, DE, USA) for assurance and stored at -20oC. 
4.1.2 Scaffold Arrangement 
Extracted DNA from strain 11a went through assembly using the SOAPdenovo 
assembly software package (Beijing Genomics Institute), based on Illumina pair-end 
sequencing reads. The assembly process took the raw, short insert library’s DNA data and put 
together as many large genomic fragments in order as possible. Due to Illumina sequencing’s 
limited read length, unable to distinguish repeats and overlaps in the sequence, a series of 
“scaffolds,” or fragments of the genome were therefore provided for further experimentation. 
Dehalococcoides strain 11a was returned with a total of 6 scaffolds. Through a series of 
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carefully arranged PCR runs using primers designed from the ends of these scaffolds, the full 
genomic sequence would be able to be linked together. 
4.1.3 Ordering of Scaffolds via Multiplex PCR 
A total of 6 scaffolds resulted in 12 unique primers being created; one for the upstream 
portion of the scaffold and one for the downstream portion (labelled as nu and nd, 
respectively). Since a primer for one end of a scaffold will only attach with a single other 
primer from a different scaffold, a product will form when the two are added in a PCR 
reaction using extracted DNA from strain 11a as a template. As such, a total of 44 possible 
combinations of scaffold arrangements emerge once those connecting to themselves are 
accounted for (i.e. 1u to 1d).  
 



















Primers were designed using Primer Premier 5 software and ordered from Integrated 
DNA Technologies (Coralville, IA, USA), diluted to a concentration of 2 µM, and kept at -
20oC for storage. PCR was then run with 20 µl samples prepared in 200 µl vials according to 





1d 2u 3u 6d 2u 6u 
1d 2d 4u 5u 2u 6d 
1d 3u 4u 5d 3d 4u 
1d 3d 4u 6u 3d 4d 
1d 4u 4u 6d 3d 5u 
1d 4d 5u 6u 3d 5d 
1d 5u 5u 6d 3d 6u 
1d 5d 1u 2d 3d 6d 
1d 6u 1u 2u 4d 5u 
1d 6d 2u 3u 4d 5d 
3u 4u 2u 3d 4d 6u 
3u 4d 2u 4u 4d 6d 
3u 5u 2u 4d 5d 6u 
3u 5d 2u 5u 5d 6d 
3u 6u 2u 5d   
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Table 19: Concentrations of PCR reagents for genome closing 
Ingredient Final Conc./tube 
Molecular H2O N/A 
GoTaq Flexi buffer 1 unit 
MgCl2 .5 mM 
BSA .133 mg/ml 
dNTP mix (1:1:1:1) .25 mM 
Go Taq Enzyme .025 U/µl 
Primers (each) 2 µl 
Template 11a 25 ng/µl 
 
Table 20: Thermal cycling conditions for strain 11a 
Process Temperature (oC) Duration 
Initial Denaturation 95 2’10 
Denaturation* 95 30”  
Annealing* 60 45” 
Extension* 72 3’30” 
Final Extension 72 6’ 
Storage 4 -- 
 
*The denaturation, annealing, and extension phases were cycled 35x.  
 
Once the PCR run was complete, each sample was run through gel electrophoresis to 
sort the DNA fragments according to size at 100 volts for 40 minutes. Gel was then stained 
with an ethidium bromide solution for 30 minutes to allow the dye to bind to DNA, creating 
bands to be later viewed under ultraviolet light. Successful primer pairs produced a band of 
corresponding length, otherwise, the columns remained blank. All positive results were then 
re-run separately for confirmation, along with no-template negative controls to ensure primers 
were not attaching to themselves.  
Table 21: Primer sequences for all 6 scaffolds in strain 11a 
Name Sequence Reverse Complement bp to End 
1u_11a GGTCCAATATTCTTCCGTGCTG CAGCACGGAAGAATATTGGACC 66 
1d_11a TTTGGCTACCGGACTGCTT AAGCAGTCCGGTAGCCAAA 83 
2u_11a CAGAAGGCTAAGCGCAAAGG CCTTTGCGCTTAGCCTTCTG 97 
2d_11a GCAACATCTCAAGATCGCACTG CAGTGCGATCTTGAGATGTTGC 65 
3u_11a ATGGAGTATGGTTTGGGGTTTA TAAACCCCAAACCATACTCCAT 86 
3d_11a GGGCAGGGGAGTTTGAAGT ACTTCAAACTCCCCTGCCC 66 
4u_11a CACCGACTCCGCTCCAGATA TATCTGGAGCGGAGTCGGTG 92 
4d_11a CTGATGCCTTTTGCTTTCTGA TCAGAAAGCAAAAGGCATCAG 70 
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5u_11a CCTTCCTCAATGAGCCAGTTAA TTAACTGGCTCATTGAGGAAGG 47 
5d_11a TGTTTGAATGGAGGTTAGTGCA TGCACTAACCTCCATTCAAACA 91 
6u_11a CTAGTCCCCTTTCTTTTCGGTC GACCGAAAAGAAAGGGGACTAG 66 
6d_11a CGCATTGGGTTACAGACCAC GTGGTCTGTAACCCAATGCG 86 
 
4.1.4 Verification Via Sequencing 
For final verification of primer binding, all pairs of primers found valid in multiplex 
PCR were sent to 1st Base Asia (Singapore Science Park, Singapore) for pyrosequencing 
using BigDye Direct Cycle Sequencing Kit by Applied Biosystems (Waltham, MA, USA). 
This time, concentrated products were created using the same PCR method with the following 
modifications: 1. 10 µl concentration primers, 2. 50 µl reactions per vial. PCR product was 
purified using an Expin SV, 200p DNA Cleanup Kit (Geneall, Seoul, South Korea) for use as 
template for pyrosequencing, then run on a Nanodrop spectrometer to ensure a minimum 
concentration of 10 ng/µl. 10 µl of each primer pair was also included with template. Results 
were returned in the form of a chromatogram displaying unique peaks for each base pair.  
 
4.2 Results 
The initial screening of the original 44 pairs of primers resulted in 11 positive results, 
meaning that theoretically all but one primer pair attached successfully. However, because 
some of the primers did not connect at all (for example, 5u) and others connected more than 































Figure 7: Primer pairs of strain 11a that connected successfully 
 
Key: 
Column # Primer 1 Primer 2 
3 1d 3d 
9 1d 6d 
10 3u 4u 
15 3u 6d 
18 4u 6u 
22 1u 2d 
26 2u 4d 
30 2u 6d 
35 3d 6u 
39 4d 6u 
41 5d 6u 



























Figure 8: Verification of previously illuminated primer pairs 
 
Key: 
Column # Primer 1 Primer 2 
1 1d 3d 
3 1d 6d 
5 3u 6d 
6 4u 6u 
7 1u 2d 
9 2u 6d 
10 3d 6u 
11 4d 6u 
 
Neither of the primers of scaffold 5 were observed to make connections with any of 
the other primers: as such, an extra PCR was run using 5u as the first primer and 5d as the 
second primer. The final gel bands displayed that the two primers did connect, suggesting that 
scaffold 5 is actually a separate plasmid.  
 
Figure 9: Connection of primer 5u to various primers 
 
Upon confirming the primer connections, all results were sent in to 1st Base Asia for 
Sanger sequencing with purified PCR product and higher-concentration primers for each 
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theoretically successful connection. Raw data was presented in chromatogram form and 







Figure 10: Example of raw data from Sanger Sequencing using BioEdit  
 
  
Upon verification of the data and seeing which connections via multiplex PCR were 
valid, it was found that the final scaffold primer connections are as follows, where “RC” 
stands for reverse complement due to the antiparallel structure of DNA strands: 
 
Table 22: Scaffolds of strain 11a results 
Primer 1 Prime 2 Scaffold Connection 
1d 6d RC of S1 to S6 
1u 6u S6 to RC of S1 
2u 6d RC of S2 to RC of S6 
2d 6d S6 to RC of S2 
3u 6d S6 to S3 
3d 6u S3 to S6 
4u 6u RC of S6 to RC of S4 
4d 6u RC of S4 to S6 
5u 5d [plasmid] 
 
 
Since bacterial genomes are circular, the arrangement of the scaffolds for the genome 







































Figure 11: A pictorial representation of scaffold arrangement in strain 11a,  
including its plasmid. “RC” stands for reverse complement. 
 
 
The lengths of each scaffold are re-listed here, along with their lengths and expected 
coverage. The full total size of the genome is 1,311,814 base pairs and 1,574 genes. Note that 
shorter-length scaffolds tend to have a higher coverage, due to multiple appearances in the 
genome:  
Table 23: Position of scaffolds in strain 11a 
11a Scaffold Length (bp) Coverage 
Scaffold 1 626310 153 
Scaffold 2 497915 181 
Scaffold 3 164676 172 
Scaffold 4 18443 178 
Scaffold 5 12775 350 
Scaffold 6 1210 540 
 
4.3 Discussion 
By using a combination of multiplex PCR and third-party Sanger sequencing for 
verification, the genome for Dehalococcoides strain 11a has been successfully closed as 
reference for use in future studies regarding this unique strain. The two major findings 




without exception, fits between every other labelled scaffold i.e., no two other scaffolds are 
connected to one another without the presence of this scaffold 2) one of the scaffolds is 
actually a plasmid and plays no role in the growth, maintenance, or metabolic dehalogenation 
of chlorinated solvents. 
Scaffold 6 is the smallest scaffold by a wide margin – it was determined, by Illumina 
sequencing, to be less than 1/10th the size of the next-largest scaffold. It is understandable that 
its genomic coverage is about three times higher than every other scaffold in the genome and 
thus appears multiple times across the genome, in fact serving as a “bridge” between the other 
unique genomic fragments. As such, it appears four times in the genome while every other 
scaffold (exhibiting a coverage of, on average, 171 genes each) only appears once each. 
Scaffolds 1, 2, and 4 are in reverse-compliment form due to the upstream and downstream 
primers attaching in opposite directions (Figure 11).  
It is worthy to make a note of the features of the plasmid, scaffold 5. It exhibits a 
coverage of about double the number of genes of most scaffolds in the core genome, although 
they are unlikely to be used and a closer inspection of the proteins that the sections encode for 
reveals that over half of them are hypothetical proteins only with no known functions (Table 
24). Some notable encoding portions that include the phage integrase protein, which mediates 
unidirectional site-specific recombination between two DNA recognition sequences, adenine 
specific DNA HNH endonuclease protein, which is responsible DNA binding and cleavage, 
and single-strand binding protein, which prevents premature annealing during the replication 



































CDS Start End Annotation Identity Sequence 
1 49 669 phage integrase family protein [Dehalococcoides mccartyi] 200/206(97%) ref|WP_011928602.1| 
2 712 1071 hypothetical protein [Dehalococcoides mccartyi] 105/119(88%) ref|WP_042377452.1| 
3 1694 1095 HNH endonuclease domain-containing protein [Candidatus 
Omnitrophus] 
140/201(70%) gb|KJJ85150.1| 
4 2529 1699 adenine specific DNA methyltransferase (hpaim) [Candidatus 
Omnitrophus] 
203/261(78%) gb|KJJ85151.1| 
5 3819 2668 hypothetical protein [Dehalococcoides mccartyi] 296/382(77%) ref|WP_041330386.1| 
6 4633 4088 hypothetical protein [Dehalococcoides mccartyi] 178/181(98%)  ref|WP_011928608.1| 
7 4963 4637 hypothetical protein [Dehalococcoides mccartyi] 108/108(100%) ref|WP_011928609.1| 
8 5542 4964 hypothetical protein [Dehalococcoides mccartyi] 172/192(90%) ref|WP_011928610.1| 
9 5765 5535 hypothetical protein [Dehalococcoides mccartyi] 76/76(100%) ref|WP_042377457.1| 
10 6016 5765 hypothetical protein [Dehalococcoides mccartyi] 78/83(94%) ref|WP_042377465.1| 
11 7653 6061 hypothetical protein [Dehalococcoides mccartyi] 522/530(98%) ref|WP_011928611.1| 
12 8065 7730 hypothetical protein [Dehalococcoides mccartyi] 111/111(100%) ref|WP_011928612.1| 
13 8513 8121 single-strand binding protein [Dehalococcoides mccartyi BAV1] 130/130(100%) gb|ABQ16681.1| 
14 8811 8554 hypothetical protein [Dehalococcoides mccartyi] 82/85(96%) ref|WP_041330401.1| 
15 8965 9612 transcriptional regulator [Dehalococcoides mccartyi BAV1] 159/212(75%) gb|ABQ16683.1| 
16 9763 10245 hypothetical protein DehaBAV1_0093 [Dehalococcoides 
mccartyi BAV1] 
151/160(94%) gb|ABQ16684.1| 
17 10269 11042 hypothetical protein [Klebsiella oxytoca] 108/211(51%) ref|WP_032720243.1| 
18 11164 11502 plasmid maintenance system killer protein [Desulfomonile] 61/111(55%) ref|WP_014810006.1| 
19 11495 12592 addiction module antidote protein [Desulfomonile tiedjei] 188/351(54%) ref|WP_014810007.1| 
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CHAPTER 5. Optimization of Wastewater 
Treatment and Detection of Dehalococcoides  
5.1 Materials and Methods 
5.1.1 Sampling Procedures 
 
Liquid water samples were collected directly from the Ulu Pandan Integrated 
Validation Plant (IVP) on a weekly basis, and comprised of 11 physical sample points across 











Figure 12: A schematic of the MBR section of the IVP. In order from left to right:  
anoxic tank #1, anoxic tank #2, swing tank #1, swing tank #2, pre-MBR overflow, MBR 
 
Table 25: Listing of sample points and filtration requirements 
Point # Description 
Filtration Level 
Raw Preliminary 1.5 micron .45 micron 
0 Post-Screen Influent     
1 Biosorption Tank (center)     
2 Post-Clarifier     
3 Tank 1 (Anaerobic)     
4 Between Tanks 1 and 2     
5 Tank 2 (Swing #1)     
6 Tank 3 (Anaerobic)     
7 Between Tanks 3 and 4     
8 Tank 4 (Swing #2)     
9* Pre-Membrane Outflow     
10 Final Effluent     
*Point #9 is a combination of two pre-membrane outflows.  
 
Upon each on-site collection, samples were taken to an office to be filtered and stored 
immediately. Raw sludge samples were directly sealed as activated sludge in 50 mL falcon 
tubes. Both 1.5 and .45 micron filtrates were filtered on-site using first a preliminary filter 
then with cellulose acetate filters, based on the requirements listed above, and stored in 15 ml 
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falcon tubes. Preliminary-only filtrates were taken in 5 ml syringes and sealed with a needle 
and sheath to prevent atmospheric exposure. All samples were tightly sealed, stored in ice and 
brought to 4oC in lab within 30 minutes. 
Collection of on-site data from probes installed in the IVP was also done immediately 
following manual sampling. Data was tracked by PUB staff using Vijeo Citect software 
(Sydney, Australia) and values from the probes were taken from the biosorption tank and 
primary clarifier, 2 mm fine screen, anoxic and aerobic tanks, and membrane tanks. These 
values were later cross-checked with laboratory results for quality control (data not shown). 
Initially, sampling was conducted twice a week, roughly every Monday and Thursday 
of the week. Once sampling protocols and IVP operational procedures stabilized, and it was 
ensured that no anomalies were occurring, sampling was reduced to once per week starting 
November on Mondays only, with occasional changes to Tuesday depending on 
environmental or political circumstances.  
5.1.2 Ion Chromatography 
 
The anions and cations of nutrients were detected with an ion chromatographer 
(Dionex RFIC ICS-2000, Thermo Scientific, Willmington, DE, USA) and Chromeleon 
software. Eluent was delivered at a flowrate of 1 ml/min, and EG suppressor fixed at 99 mA. 
22 mM and 40 mM potassium hydroxide served as eluent for anionic constituents, while 10 
mM sulphuric acid served as eluent for cationic constituents. Samples passed through an 
anion-exchange column (Dionex IonPac AS18, Thermo Scientific, Willmington, DE, USA) 
Standard curves for all components were made in 160 ml serum bottles at 









Table 26: Listing of ions and their retention times 
Constituent Ion Retention Time (min) 
Chloride anion 4.80 
Nitrite anion 6.65 
Sulphate anion 9.70 
Nitrate anion 10.80 
Phosphate anion 13.45 
Ammonium cation 5.23 
 
Samples and ultrapure water rinse bottles were poured in 5 ml polymer vials (Thermo 
Scientific, Willmington, DE, USA). Sample vials were diluted with ultrapure water at a ratio 
of 2:3 and run with the following methods:  
Table 27: Ion chromatography method for anion and cation detection 
Anion 
Parameter Value 
Ion Detection Rate 100 Hz 
Cell Temperature 35oC 
Column Temperature 30oC 
Pressure Lower Limit 200 psi 
Pressure Upper Limit 3000 psi 
Flowrate 1 ml/min 
KOH Conc. (0 mins) 22 mM 
KOH Conc. (8 mins) 40 mM 




Ion Detection Rate 100 Hz 
Cell Temperature 35oC 
Column Temperature 30oC 
Pressure Lower Limit 200 psi 
Pressure Upper Limit 3000 psi 
Flowrate 1 ml/min 
H2SO4 Conc. 10 mM 
Suppressor Current 70 mA 
 
Each run was terminated via a shutdown method using a blank water sample to clear 







5.1.3 High Pressure Liquid Chromatography 
 
Volatile Fatty Acid (VFA) acetate was detected using a high pressure liquid 
chromatographer (1260 Infinity, Agilent, Wilmington, DE, USA) equipped with a diode array 
detector (DAD). Eluent was delivered through a ligand-exchange HPLC column (Hi-Plex H 
300 x 7.7 mm, Agilent, Wilmington, DE, USA) at a rate of 0.6 ml/min and a temperature of 
65oC. DAD was calibrated to detect 210 nm bandwidth of 20 µl injections taken in duplicate. 
Standard curve for acetate was created with sodium acetate, and retention time was found to 
be approximately 17.5 minutes. An absorbance UV wavelength of 210 nm was used for 
detection of the signal. All samples were run in duplicates to ensure accuracy and averages 
were taken for final values. 
5.1.4 Total Organic Carbon 
 
Samples for total organic carbon (TOC) analysis were preserved with 4 M HCl 
solution at 1:40 vol/vol and stored at 4oC. Sample was further diluted with ultrapure water at a 
ratio of 4:11 vol/vol in 24 ml glass vials and sealed with parafilm before running in analyzer 
(TOC-VCSH Total Organic Carbon Analyzer, Shimadzu Corporation, Kyoto, Japan).  
Samples were run at 680oC with compressed synthetic air (Singapore Oxygen Air 
Liquide PTE, Singapore) delivered at 3 bar according to the following method: 
Table 28: Operational parameters used for TOC detection 
Parameter Value Units 
Injection Volume 150 µl 
Minimum Number of Injections 3 units 
Maximum Number of Injections 6 units 
Maximum Standard Deviation 0.10 - 
Maximum Variation Coefficient 1.00 % 
Dilution Factor 3.75 - 
CO2 Sparge Time 90 sec 
 
Totals and differences between the averages of both .45 micron and 1.5 micron-
filtered samples that fell within the method’s criteria were recorded.  
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5.1.5 Sulphide Detection 
 
Samples for sulphide detection were taken immediately upon return to laboratory to 
prevent degradation. Standard curve was created using stock Na2S in 15 ml falcon tubes 
diluted with ultrapure water at concentrations of 0.0, 0.1, 0.2, 0.4, and 0.8 mg/l.  
Sulphide 1 and 2 reagents (HACH, Loveland, CO, USA) comprised of sulfuric acid 
and potassium dichromate respectively were added to each sample at a concentration of 40 µl 
of reagent per ml of sample each, then inverted and allowed to incubate for 5 minutes. 
Samples were then run in a spectrometer (infinite M200 Pro, TECAN, Hombrechtikon, 
Switzerland) using 17 flashes of 665 nm wavelength absorbance for sulphide detection.  
5.1.6 Bacterial Analysis 
 
Genomic DNA extraction was performed using the DNeasy Blood and Tissue Kit 
(Qiagen GmbH, Hilden, Germany) Purification From Total DNA protocol. Modifications 
include: 1. heating of buffer ATL prior to addition to sample 2. adding 45 µl of proteinase K 
instead of 20 µl 3. adding 20 µl of 100 mg/ml of lysozyme in same step 4. EB incubation 
period of 3 minutes instead of 1 minute. For the final elution step, 100 µl of EB was added 
due to the projected usage of real-time PCR.  
Nucleic acids were quantified using NanoDrop ND-1000 (Thermo Scientific, 
Willmington, DE, USA), diluted with molecular water in accordance with concentration to 
reach final concentrations of 5-10 ng/µl and stored at -20oC. Primers were produced from 
previous literature to target, within the activated sludge samples, the following key groups of 
microorganisms: ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB), 
nitrite-oxidizing bacteria (NOB), denitrifiers, phosphate-accumulating organisms (PAO), 
anammox (AMX), and Dehalococcoides (DHC). It is important to note that some strains used 
a 16S rRNA-based primer (PAOs, NOB, AOB, Anammox) while others required multiple 
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positive results from the use of functional gene primers (AOA, AOB, denitrifiers) due to 
overlap of identity of 16S rRNA-based results. 
Table 29: Listing of potential microorganism groups’ primer sets 









AOA 1 GenAOAF GenAOAR 55 Meinhardt et al. 2015 
AOB 2 bAMOf Nso1225R 55 McCaig et al. 1994 
 3 Nso1225F bAMOr 55 Mobarry et al. 1996 
NOB 4 907F NIT3R 55 Regan et al. 2002 
 5 518F Ntspa0685MR 55 Regan et al. 2002 
Denitri 6 narG1960m2F narG2050m2R 58 Yu et al. 2014 
 7 nirS2F nirS3R 43 Braker et al. 1998 
 8 nirScd3aF nirSR3cd 43 Throbäck et al. 2004 
PAO 9 518F PAO-846r 55 He et al. 2008 
AMX 11 AMX694F  960R 57 Hu et al. 2010 
DHC 12 DHC-qF2   DHC-qR   60 Hendrickson et al. 2002 
 
 
Verification of primer efficacy was completed using PCR and the DNA extract from 
the 29th September, 2014 point #4 sludge as previously described with some changes: 




Molecular H2O N/A 
GoTaq Flexi buffer 1 unit 
MgCl2 .5 mM 
BSA .133 mg/ml 
dNTP mix (1:1:1:1) .25 mM 
Go Taq Enzyme .025 U/µl 
Primers (each) 2 µl 
Template 11a 25 ng/µl 
 








Denaturation* 95 30” 
Annealing* 43-60 1’30” 
Extension* 72 3’30” 
Final Extension 72 6’ 
Storage 4 -- 
*Denaturation, annealing, and extension phases were cycled 35x. 
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Upon production of PCR product, each sample was run through gel electrophoresis to 
sort the DNA fragments according to size and then stained with ethidium bromide as 
previously described with negative controls for each pair. If bands did not appear in the first 
round of PCR, a second-round PCR was carried out using the previous product as a template 
diluted at a ratio of 1:50 in molecular water, including their respective negative controls, to 
reveal the bands from the functioning primer pairs.  
Once primers were confirmed working, a clone library was carried out on sample 
points 1, 4, and 7 from the first day of sampling (18th August, 2014) and the last date of 
sampling (25th May, 2015) to identify the microbial community. All functioning primers sets 
were applied in the initial production of template, and screened via blue/white X-Gal 
screening (Promega, Madison, WI, USA) and amplified via PCR using reagent list and 
thermal cycle as previously described. Bands were visualized on a Molecular Imager Gel Doc 
XR System (Bio-Rad, CA, USA) and primer sets were ensured working based on the 
expected band sizes of the insets as per literature. PCR product was purified using an Expin 
SV, 200p DNA Cleanup Kit (Geneall, Seoul, South Korea) following the centrifugation 
protocol and eluting with 30 µl of EB buffer before being quantified via NanoDrop ND-1000 
(Thermo Scientific, Willmington, DE, USA) for ligation and transformation. A total of 48 
white colonies were picked from each of the six sample points for analysis and incubated in 1 
ml luria broth at 31oC for five hours before the second PCR run. An M13 primer pair was 
used to check that PCR product was attached to all vectors.  
RFLP (Restriction Fragment Length Polymorphism) analysis was conducted using 
enzyme Hhai applied to the raw PCR product to separate the fragments. Gel electrophoresis 
was run on each sample 100V for 30 minutes and results viewed under ultraviolet light. All 
fragments with matching patterns (by band length) were tallied for analysis by BLAST 
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sequencing through the National Center for Biotechnology Information database. Relevant 
classes were recorded and grouped according to sample location and date.  
5.1.7 Quantitative PCR for Dehalococcoides strains 
 
To quantify the amount of Dehalococcoides present across evenly-spaced timepoints 
in the three activated sludge sampling points, a quantitative real-time PCR (qPCR) targeting 
the Dehalococcoides 16S rRNA gene was carried out using an ABI 7500 Fast real-time PCR 
System (ABI, Foster City, CA, USA).  Reactions were created with the Evagreen SSoFast Lo-
ROX PCR master mix (Bio-Rad, Hercules, CA, USA), plasmids containing Dehalococcoides 
inset as template, and other reagents as shown in 20 µl volumes. Thermal cycle was 
conducted as shown and melt curves were used to confirm primer specificity. Wells with no-
template controls were used to account for potential reactions without targets. Fluorescence 
data was collected by the machine after each annealing step and mapped to a standard curve 
ranging from 4E2 to 4E8 molecules/µl depending on target concentration with an R2 linear 
regression value of .95 or greater. Timepoints tested were the first and third weeks of each 
month starting from 18th August to 18th May, resulting in a frequency of two weeks. 
Table 32: Reagent list for qPCR Runs targeting Dehalococcoides 
Reagents Volume per Tube (µl) 
Molecular H2O 8.27 
2X SSoFast Evagreen Lo-ROX mix  10 
10 µM F primer  0.8 
10 µM R primer 0.8 
BSA (20 mg/mL) 0.13 
Template (undiluted) 2 
 
 
Table 33: Thermal conditions for qPCR runs targeting Dehalococcoides 
Process Temperature (oC) Duration 
Initial Denaturation 95 3’ 
Denaturation* 94 15”  
Annealing* 60 40” 
 





5.2.1 Ion Chromatography Results 
 
The following are results from ion chromatography, which was configured to detect 
peaks from chloride, nitrite, sulfate, nitrate, ammonium, and phosphate. For all figures, time 
zero is defined as August 18th, 2014, while the final timepoint represents May 25th, 2015. 































Figure 13: A) concentration of constituents in IVP influent B) concentration  
of constituents in biosorption tank C) concentration of constituents after the 




























































Figure 14: E) concentration of constituents in anoxic 
tanks midpoint F) concentration of constituents in 
anoxic tank 2 G) concentration of constituents in start 
of swing tank 1 H) concentration of constituents in 
midpoint of swing tank 1 I) concentration of 
constituents in swing tank 2 J) concentration of 
constituents in pre-MBR overflow K) concentration 




























Figure 15: Time-averaged concentrations of chloride, nitrite, sulfate, nitrate, ammonium, and 





















Figure 16: Time-averaged concentrations between nitrate and ammonium only, with 
linearized curves, as a function of distance along the plant. Showcases the nitrification of 

























Average Concentration of Constituents 






























The above data displays concentrations of chloride, nitrite, sulfate, nitrate, ammonium, 
and phosphate as detected by an ion chromatographer, in relation to both time and distance 
along plant. The most stable compounds proved to be chloride, sulphate, phosphate, and 
nitrite, while ammonium degradation to nitrate was very apparent at every timepoint. Of all 
compounds, chloride fluctuated the most, especially in areas of low microbial activity 
(influent and clarifier, then MBR and effluent), suggesting that microbial activity stabilizes 
chlorine levels. Other than occasional spikes in concentration due to environmental and 
operational conditions, all values met WHO standards.  
Regarding the conversion of ammonium to nitrate, nitrate levels overtook ammonium 
levels upon entering Anoxic tank #2, which is approximately the midpoint of the IVP.  
Ammonium levels consistently diminished thereafter and were nearly fully converted by the 
time it exited the MBR. Overall mass balance between the two compounds is equal between 
the first and final points, with negligible loss of mass. Nitrite levels were negligible 
throughout the IVP, suggesting that it does not play a role in the nitrogen cycle.  
Spikes in data often corresponded with unusually high loading rates for that particular 
day, especially in situations with low rainfall or altered discharge. October 27th (day 70) and 
March 16th (day 217) saw, respectively, a sudden reduction in the bioreactor sludge retention 
time (5 days to 2.5 days), and an unusually high TSS in the influent as exhibited by extreme 
difficulty in pushing the samples through the filters. Data provided by the PUB, which 
measured the turbidity of clarified influent (point 2) confirms such periods of rapid 
















































Figure 17: A) fluctuations of acetate concentrations within the first three points of the IVP 
from 18th August, 2014 to 25th May, 2015. B) time-averaged concentrations of acetate along 
IVP, showcasing the dropoff from the primary clarifier to the first anoxic tank 
 
The above data displays acetate concentration as detected by a high-pressure liquid 
chromatographer, in relation to both time and distance along plant. Acetate levels beyond the 
post-clarifier were negligible due to biological activity in the anoxic tanks. Therefore, 
temporal data relies only on the first three points within the IVP: concentrations varied 

















































Acetate Concentration Along 
First 3 Points Over Time
Influent Biosorption Tank Post-Clarifier
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consistently decreased in the biosorption tank before increasing again in the clarifier, likely 
due to acetate-metabolizing microorganisms in the biosorption tank.  
Variation has depended primarily on influent composition, however, some instances of 
parameter changes have resulted in spikes in concentration: namely, on December 22nd (day 
126), the anoxic mixer was stopped to test if there is impact on biological phosphorus removal 
– it appears to have resulted in a spike in acetate across all three points as well. Secondly, the 
biosorption tank was bypassed starting May 11th (day 273) for the initiation of PST-mode, 
accounting for the blank data for points 1 and 2, and the unusually high concentration of 
acetate on that first day of removing the BST. Acetate levels returned to normal for the post-
clarifier once the system stabilized.  























Figure 18: Fluctuations in sulfide concentration with respect to time along the first 
four points within IVP, from 10th November, 2014 to 25th May, 2015. Anoxic tank 













Figure 19: Time-averaged concentrations of sulfide along first three points within  
IVP. Levels drop off relatively quickly from the clarifier to the first anoxic tank 
 
The above data displays sulfide concentration as detected by a Hach test reagent kit 
and spectrometer measurements, in relation to both time and first four points in the plant. 
Sulfide levels were relatively stable throughout the project cycle, especially with regards to 
exhibiting a consistent dropoff upon reaching the first anoxic tank, suggesting that microbial 
activity is responsible for the degradation of sulfide.  
Slight correlation only exists within the first three points, while the anoxic tank is 
largely unaffected by parameter changes. Once exception to this are the dates of January 12th 
and 19th, (days 147 and 154), in which a test-shutdown of the entire IVP occurred on January 
8th, took nearly two weeks to fully recover from. As such, the sulfide-degrading capabilities of 
the anoxic tanks were negated and concentrations were equal to those in the first three points. 
Secondly, the biosorption tank was bypassed starting May 11th (day 273) to initiate PST-
mode, accounting for the blank data for points 1 and 2 and the unusually high concentration of 
sulfide on that first day of BST removal. Despite the removal of the BST, sulfide levels in the 
anoxic tank remained very low (0.065 mg/L), and concentration in the post-clarifier returned 
to normal once the system stabilized. 
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Figure 20: A) raw total concentrations of both .45 and 1.5 micron-filtered total organic 
carbon over time, from 10th November, 2014 to 25th May, 2015 
 B) difference in between 1.5 and .45 micron-filtered concentrations 
 
The above data displays total organic carbon (TOC) concentrations in the pre-
membrane bioreactor overflow point. Both raw concentration data as well as the difference in 
concentration between two filters, 1.5 micron and 0.45 micron, are shown. TOC levels 
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∆TOC Over Time (1.5 - .45)
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filters were extremely close, suggesting that raw TOC levels far outweighed the impact of 
differing grades of filtration, and are dependent mostly on influent quality. 
Of note is the peak surrounding March 23rd (day 224), which represents the final day 
of high total suspended solids resulting from rainfall patterns. High TSS was observed to 
begin on February 11th (day 175), and a steady upward climb in concentration can be seen 
from that point onwards, implying that the buildup of carbon is cumulative within the IVP. 
Once environmental conditions returned to normal, TOC levels again decreased. It should be 
noted that the difference between the two filters is directly related to overall raw 
concentrations – that is, if concentrations are high, the difference will also be high. In some 
instances, the 0.45 micron filter exhibited a higher concentration than the 1.5 micron filter, 
which was due to samples left untested for too long (approximately 2 weeks). For the first and 
last missing datapoints, the overflow was unoperational, while the other 2 points joined in 
February, alternate sampling staff were unable to preserve the samples.  
5.2.5 Listing of IVP Parameter Changes 
 
To understand the causes of changes in compound concentrations in various points of 
the IVP, as well as ensure that experimental procedures are valid, notable patterns in the data 
were mapped to operational changes in the IVP as directed by the PUB. The two segments 
altered were the biosorption tank (point 1) and the membrane bioreactor (points 3 through 9), 
which together affect the wastewater constituency throughout the entire system.  
The key operational changes in the biosorption tank include: recirculation of waste-
activated sludge (WAS) from the MBR to the biosorption tank, thickening and dewatering of 
centrate that was diverted from its EQ basin, presence of clarifier splash plate to reduce 
turbulence in clarifier, unintended operational issues and bypassing of biosorption tank for the 
initiation of PST (primary settling tank)-mode. Key operational changes in the membrane 
bioreactor include: alternation of SRT in tank series between 5 days and 2.5 days, alternation 
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between single-feed MLE mode, step-feed mode (in which 25% of post-clarifier product is 
diverted to 4th tank), and modified-Johannesburg mode, stopping of mixing in either anoxic 
tank 1 or anoxic tank 2, and installation of baffle walls in preparation for step-feed mode.  
5.2.6 Activated Sludge DNA Extraction Results 
  
Activated sludge samples were retrieved from points 1, 4, and 7 for extraction, 
identification, and quantification of the microorganism community. DNA extraction was 
conducted on all sludge samples from 18th August, 2014, to 25th May, 2015 using protocol as 
previously described. The average concentration of nucleic acids across all sludge samples 
according to Nanodrop spectrophotometry was 17.49 ng/µl, with a standard deviation of 7.53 
ng/µl, and a minimum and maximum of 2.92 and 41.73 ng/µl, respectively.  
 
Table 34: Nucleic acid concentration of extracted DNA at select points within IVP, in ng/µl 
Timepoint Day # Date 1 4 7 
26 91 17-Nov-14 7.12 19.91 18.72 
27 98 24-Nov-14 6.22 27.19 29.74 
28 105 01-Dec-14 9.98 13.42 13.15 
29 112 08-Dec-14 14.54 17.55 28.72 
30 119 15-Dec-14 10.88 24.27 18.80 
31 126 22-Dec-14 26.75 25.45 25.64 
32 140 05-Jan-15 4.53 20.96 16.21 
33 147 12-Jan-15 4.97 17.24 18.36 
34 154 19-Jan-15 14.45 7.97 10.17 
35 161 26-Jan-15 6.58 17.39 27.03 
36 168 02-Feb-15 11.35 20.72 19.33 
37 175 11-Feb-15 14.57 26.15 19.92 
38 182 16-Feb-15 11.53 23.83 26.48 
39 196 23-Feb-15 13.76 12.92 11.45 
41 210 09-Mar-15 17.69 23.34 32.22 
42 217 16-Mar-15 12.8 16.2 13.8 
43 224 23-Mar-15 11.2 15.7 16.1 
44 231 30-Mar-15 11.8 14.6 12.4 
45 238 06-Apr-15 8.6 15.1 15.4 
46 245 13-Apr-15 12.5 13 11.2 
47 252 20-Apr-15 9.7 13 14.3 
48 259 27-Apr-15 6.9 10.0 10.4 
49 266 04-May-15 8.0 10.7 13.4 
50 273 11-May-15 N/A 14 13.2 
51 280 18-May-15 N/A 11.9 11.1 
52 287 25-May-15 N/A 12.2 9.9 
Timepoint Day # Date 1 4 7 
1 0 18-Aug-14 2.92 20.36 13.35 
2 3 21-Aug-14 3.32 16.55 16.23 
3 8 26-Aug-14 15.42 23.53 29.72 
4 11 29-Aug-14 6.54 18.97 18.20 
5 14 01-Sep-14 6.63 18.18 14.57 
6 17 04-Sep-14 6.69 13.05 32.86 
7 21 08-Sep-14 8.49 15.69 16.93 
8 24 11-Sep-14 4.71 17.67 19.98 
9 28 15-Sep-14 29.28 26.00 25.00 
10 31 18-Sep-14 14.69 23.24 26.32 
11 35 22-Sep-14 6.03 30.21 24.69 
12 38 25-Sep-14 13.91 22.12 24.82 
13 42 29-Sep-14 10.64 41.73 25.58 
14 45 02-Oct-14 9.42 14.11 12.88 
15 50 07-Oct-14 6.52 16.09 16.85 
16 52 09-Oct-14 15.92 17.44 18.31 
17 56 13-Oct-14 4.61 22.14 32.13 
18 59 16-Oct-14 7.23 21.13 14.92 
19 63 20-Oct-14 10.45 23.58 24.49 
20 66 23-Oct-14 7.16 24.28 24.94 
21 70 27-Oct-14 17.55 17.7 20.7 
22 73 30-Oct-14 11.24 16.26 16.38 
23 77 03-Nov-14 9.72 21.66 18.00 
25 84 10-Nov-14 23.49 18.76 16.73 
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5.2.7 Identification of Microbial Community – PCR Results 
 
To identify the existence of key microorganisms in the sludge samples, PCR was 
carried out using various primers that detected for specific strains. The following tables reveal 
the primers used and which strains were successfully validated: 
Table 35: Full results of identification of microbial groups via PCR.  







Primer Sequence Appeared? 
AOA 1F GenAOAF 55 ATAGAGCCTCAAGTAGGAAAGTTCTA No 
 1R GenAOAR 55 CCAAGCGGCCATCCAGCTGTATGTCC  
AOB 2F bAMOf 55 TGGGGRATAACGCAYCGAAAG Yes 
 2R Nso1225R 55 CGCCATTGTATTACGTGTGA  
 3F Nso1225F 55 TCACACGTAATACAATGGCG Yes 
 3R bAMOr 55 AGACTCCGATCCGGACTACG  
 4F amoA-1Fmod 55 CTGGGGTTTCTACTGGTGGTC No 
 4R GenAOBR 55 GCAGTGATCATCCAGTTGCG  
NOB 5F 907F 55 AAACTCAAAKGAATTGACGG Yes 
 5R NIT3R 55 CCTGTGCTCCATGCTCCG  
 6F 518F 55 CCAGCAGCCGCGGTAAT Yes 
 6R Ntspa0685MR 55 CGGGAATTCCGCGCTC  
Denitri 7F narG1960m2F 58 TAYGTSGGGCAGGARAAACTG Yes 
 7R narG2050m2R 58 CGTAGAAGAAGCTGGTGCTGTT  
 8F nirKF1aCu 50 ATCATGGTSCTGCCGCG No 
 8R nirKR3Cu 50 GCCTCGATCAGRTTGTGGTT  
 9F nirS2F 43 TACCACCCSGARCCGCGCGT Yes 
 9R nirS3R 43 GCCGCCGTCRTGVAGGAA  
 10F cnorB2Fb 54 GACAARHWVTAYTGGTGGT No 
 10R cnorB6R 54 GAANCCCCANACNCCNGC  
 11F nosZ1F 60 WCSYTGTTCMTCGACAGCCAG No 
 11R nosZ1773Rb 60 ATGTCGATCARCTGVKCRTTYTC  
 12R narG2650r 58 TTYTCRTACCABGTBGC No 
 7F narG1960m2F 58 TAYGTSGGGCAGGARAAACTG  
 13F nirK876F 50 ATYGGCGGVAYGGCGA No 
 13R nirK1040R 50 GCCTCGATCAGRTTRTGGTT  
 14F nirScd3aF 43 GTSAACGTSAAGGARACSGG Yes 
 14R nirSR3cd 43 GASTTCGGRTGSGTCTTGA  
 15R cnorB7Rb 54 CCRTGGSTRWARWARTTSAC No 
 10F cnorB2Fb 54 GACAARHWVTAYTGGTGGT  
 16F nosZ1527Fb 60 CGYTGTTCMTCGACAGCCAG No 
 16R nosZ1622R 60 CGSACCTTSTTGCCSTYGCG  
PAO 17R PAO-846r 55 GTTAGCTACGGYACTAAAAGG Yes 
 6F 518F 55 CCAGCAGCCGCGGTAAT  
AMX 18F AMX694F 57 GGGGAGAGTGGAACTTCGG Yes 
 18R AMX960R 57 GCTCGCACAAGCGGTGGAGC  
DHC 19F DHC-qF2 60 GGTAATACGTAGGAAGCAAGCG Yes 
 19R DHC-qR 60 CCGGTTAAGCCGGGAAATT  
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According to the PCR results, all expected microbial groups are present in the IVP 
sludge except for ammonia-oxidizing archaea, suggesting that only bacterial groups are 
responsible for the nitrification of ammonium. Since functional gene primers were used, two 
AOB sets were required and detected, both NOB sets were required and detected, and three 
denitrifying sets were required and also detected, confirming that these groups play a role in 
the treatment plant. The one pair of polyphosphate-accumulating organisms were also 
expected and detected. Finally, the findings of the PCR identification confirm that both 
Anammox (for reduction of anammox) and Dehalococcoides (for breakdown of chlorinated 
constituents) do exist within the IVP and can be later quantified.  
5.2.8 Identification of Microbial Community – RFLP Analysis 
 
Using restriction fragment-length polymorphisms (RFLP), sludge samples from all 
three points from the first timepoint and final timepoint, each with 48 colonies, had their 
specific bacterial identities elucidated. Using NCBI’s BLAST database, eleven groups of 
bacteria were found to be relevant to wastewater or aquatic environments. Since multiple 
instances of the same gel pattern produced from gel electrophoresis were identified across all 
288 samples, each pattern was tallied and put into a table to gain a rough estimation of the 
































































































































































The bacteria were identified by NCBI’s BLAST results as follows, and sorted by 
population based on the quantity of each RFLP pattern appearing throughout all six samples. 
Matches were then ranked according to percent population and labelled from 1-12 for the 
purposes of brevity in the following figures of this study. All matches that were unrelated to 
aquatic or otherwise environmental contexts were grouped together in an “other” category:  
Table 36: Listing of bacteria types by general prevalence in IVP activated sludge  





TM7 candidate phyla - QEEA2CF03, QEEB2BD04 12.1% 1 
Proteobacterium SBR1001 10.7% 2 
Legionella (class Gammaproteobacteria) 9.5% 3 
Alphaproteobacteria Clone QEDN1DA10 7.3% 4 
Amaricoccus (class: Alphaproteobacteria) 7.1% 5 
Brachymonas denitrificans (class: Beta Proteobacteria) 4.6% 6 
Ruminococcus champanellensis 4.4% 7 
TM7 candidate phyla - QEDQ3DG03, QEDR1DC11 3.1% 8 
Planctomycetes 3.0% 9 
Betaproteobacteria 2.5% 10 
Cytophagales Dehalobacter - SHA-25, SHA-38 0.8% 11 
[others] 34.9% 12 
 
Table 37: Percentage appearance of each bacteria type  
within each individual sample location and timepoint  
Label/Sample 1 2 3 4 5 6 7 8 9 10 11 12 
Point 1, Time 0 7.5 5.0 2.5 2.5 0.0 7.5 0.0 7.5 5.0 0.0 2.5 60.0 
Point 4, Time 0 23.1 5.1 7.7 15.4 12.8 2.6 0.0 5.1 7.7 7.7 2.6 10.3 
Point 7, Time 0 26.3 15.8 5.3 10.5 0.0 5.3 18.4 0.0 2.6 0.0 0.0 15.8 
Point 1, Time 50 7.5 22.5 7.5 5.0 2.5 12.5 0.0 2.5 0.0 0.0 0.0 40.0 
Point 4, Time 50 5.6 2.8 11.1 0.0 25.0 0.0 0.0 0.0 0.0 8.3 0.0 47.2 
Point 7, Time 50 2.6 12.8 23.1 10.3 2.6 0.0 7.7 0.0 2.6 2.6 0.0 35.9 
Total % 12.1 10.7 9.5 7.3 7.1 4.6 4.4 3.1 3.0 2.5 .8 34.9 
 
In previous literature, TM7 candidate phyla clones QEEA2CF03 and QEEB2BD04 
were recovered from aquifer sediment that contained acetate. The phyla contained several 
genes involved in degradation of complex carbons, including beta-glucosidase and alpha-
amylase, which may account for the breakdown of much organic content in wastewater. It 
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also has been found to generate ATP from phosphate, suggesting that it also plays a role in 
phosphate removal. (Kantor 2013) 
 Proteobacterium SBR1001 was found to grow in a laboratory-scale sequencing batch 
reactor for the determination of enhanced phosphorus removal rates of various cultures. 
SBR1001, specifically, was designated a score of “P+”, suggesting “fair” phosphorus removal 
from sludge. It is one of few strains from lineage Sterolibacterium. (Crocetti et al. 2000) 
 Legionella is a disease-causing bacterium typically found in warm water tanks as well 
as in biofilms throughout water distribution systems, particularly those with nutrient-rich 
slime layers or piping made of sedimentary material. Fortunately, methods such as 
hyperdechlorination and copper-silver ionization have proven effective means of removal, as 
well as basic maintenance of surfaces. (Yu-sen et al. 1998) 
 Alphaproteobacteria Clone QEDN1DA10 was found in anaerobic digesters in Europe 
and South America working under standard operating conditions. This strain was found to be 
responsible for multiple functions within the plant, including removal of volatile solids, 
assurance of efficient COD and NH4 removal rates, and the granulation of sludge in sludge 
reactors. (Riviere et al. 2009) 
Amaricoccus was investigated under anaerobic, anoxic and aerobic conditions in 
laboratory-scale sequencing batch reactors to determine its nutrient consumption. Despite 
typically high amounts in wastewater treatment plants, it was found to be not to be a 
significant accumulator of phosphorus, however it is able to uptake large amounts of acetate. 
Thrives best in aerobic conditions. (Falvo et al. 2001) 
Brachymonas denitrificans are from the class beta proteobacteria, grow in aerobic 
conditions, and are a well-known component of activated sludge. Its metabolism is strictly 
respiratory, and as it grows with nitrate while producing nitrogen gas, it is considered a 
denitrifier. (Hiraishi et al. 1995) 
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 Saprospiraceae is a family of bacteria found nearly universally in all industrial and 
domestic wastewater treatment plants. Under aerobic conditions, it has been found to only 
uptake amino acids, suggesting that it is only involved in protein degradation. The strain is 
not involved in denitrification. (Xia et al. 2008) 
The only parameter known about this clone of TM7 candidate phyla is that it thrives in 
anaerobic digesters. However, it is not largely present and may not be directly affiliated with 
the processes of wastewater treatment. (Riviere et al. 2009) 
Planctomycetes are typically found in anaerobic sediments, both in marine and 
terrestrial environments, as well as wastewater treatment plants. Some strains reduce 
elemental sulfur to sulfide in laboratory settings, whose mechanism explains why it can 
survive in anaerobic conditions, but many others conduct “anammox” metabolism, oxidizing 
ammonia by nitrate and releasing nitrogen gas to produce energy. (Chouari et al. 2003) 
 Betaproteobacteria are a class of aerobic degraders, oxidizing ammonium to produce 
nitrite, thus are considered ammonia-oxidizing bacteria (AOB). They are found in municipal 
wastewater treatment plants and its community populations are continually changing, with no 
clear dominant strain over a long period of time. (Wells et al. 2009) 
 These strains of Cytophagales Dehalobacter (SHA-25, SHA-38) were derived from a 
bioreactor consortium from river sediments, and were found to act as markers for the 
dechlorination of 1,2-dichloropropane. It is interesting to note that Dehalococcoides 
ethenogenes, CBDB1, were also a member of a bioreactor consortium population in a lab-
based study, but over a period of 8 months were driven out and Dehalobacter-like species 
dominated in dechlorination activity. This suggests that such a strain may be useful in the 
degradation of some industrial solvents that pass through the treatment system. (Schlötelburg 





5.2.9 Quantification of Dehalococcoides Species Within IVP  
 
To determine the quantities of Dehalococcoides bacteria present in the three activated 
sludge sample points in the IVP, a 16S rRNA gene covering all species within in the genus 
was used as the target in a series of qPCR reactions. A standard curve was created from its 
original plasmid quantified via Nanodrop spectrophotometry (4.02E10 ng/µl) and diluted 
stepwise until reaching a range from 400 to 4E8. The quantities were then mapped to the 
timepoints at an interval of every two weeks to examine the population trends of the bacteria 
as a function of time. Key events in the operational and environmental parameters may then 






















Figure 22: Concentrations of Dehalococcoides in the biosorption tank, midpoint of anoxic 
tanks, and midpoint of swing tanks as quantified by 16S rRNA over time 
 
 Quantities reached a maximum of over 3.5 million cells per ml of sludge in the anoxic 
tanks, followed closely by similar quantities in the swing tanks. Values peaked between t=70 
days and t=126 days, although overall range was generally above 100,000 cells/ml. Negligible 





This study on the organic and inorganic constituents of various points of a wastewater 
treatment plant, part of a larger-scale project by the Public Utilities Board, aimed to observe 
the changes in water quality composition in reaction to operational parameter changes.  
Optimization of wastewater treatment has been ongoing for decades, and only in the past 
decade have the approaches of using a biosorption tank and membrane bioreactor been 
regularly implemented and researched in municipal treatment systems. Singapore’s Integrated 
Validation Plant, a model treatment plant for a future wastewater treatment plant to be built in 
Tuas, is one of the first to implement both of these novel approaches and have bacterial 
compositions at every point analyzed over time. Biosorption tanks are placed at the beginning 
of the system, and are used to passively collect as many contaminants as possible onto the cell 
surface as possible, particularly toxic heavy metals, before entering a clarifier in which the 
now-heavier components sink to the bottom to become waste sludge, making aeration and 
anoxic tanks more functional (Glymph, 2011). Membrane bioreactors are placed at the end of 
the system, and relies more on a physical filter made of specific material to capture as much 
biofilm (microorganisms and solids) on its surface as possible, reducing the need for tertiary 
treatment such as sand filtration or disinfection (Meng et al. 2009). For the purposes of this 
IVP, the MBR includes the preceding aeration and anoxic tanks as well, since the 3rd and 4th 
tanks can be switched between aerobic and anoxic modes (Figure 12). 
Major intentional changes in the biosorption tank operations related to the results 
include thickening and dewatering of centrate diversion away from EQ basin (8th of 
September to 16th of September), installation of clarifier splash plate (6th November), and 
bypassing of biosorption tank completely (7th May). 
The default mode for the membrane bioreactor was a 5-day sludge retention time in 
the bioreactor and a 3-day SRT in the aeration tanks with a single-feed Modified Ludzack-
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Ettinger process, which means anoxic tanks are followed by aerobic tanks before reaching the 
MBR. Changes in the membrane bioreactor operations included changing the biosorption tank 
sludge retention time to 2.5 days (7th October to 20th October), further reducing the aeration 
tank’s SRT to 1.5 days (21st October to 4th February), stopping only the Anoxic #2 mixer (1st 
December to 15th December), stopping only the Anoxic #1 mixer (16th December to 7th 
January), switching to step-feed mode in which 75% of influent enters 1st tank and 25% of 
influent enters 4th tank anoxic (5th February to 5th April), switching to step-feed mode in 
which 75% of influent enters 1st tank and 25% of influent enters 4th tank anaerobic (6th April 













Figure 23: Setup of a typical MLE-based treatment process 
 
Noticeable changes in the water’s composition occurred during some events in the 
biosorption tank’s operational parameter timeline. On day 84, there was a universal drop in 
acetate levels, which slowly recovered over the next 2 weeks. This may have been due to the 
installation of the clarifier splash plate in the primary clarifier, which was done to reduce 
turbulence in that region. Day 273 also coincided with a temporary shutdown of the IVP 
system to remove the biosorption tank from the process, which resulted in large increases in 
chloride throughout the plant, a spike in acetate succeeding the primary clarifier which 
recovered within two weeks, as well as a spike in sulfide after the clarifier which also 
recovered soon after removal of the biosorption tank (Figure 19).  
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The membrane bioreactor system including the anoxic and aerobic tanks also had 
some effects; on day 52, there were slightly higher chloride levels throughout all section past 
the primary clarifier due to a gradual reduction in the SRT, implying that chloride was more 
likely to reside in the tanks despite accelerated movement. When again the SRT’s were 
shortened in both the biosorption tank and aeration tanks, there was not only a large spike in 
chloride but also nitrate in the week after its occurrence. TOC decreased noticeably when the 
mixers in the anoxic tanks stopped, on both day 105 and 126 (Figure 20). Since levels 
increased again shortly after, the reaction must only be in reaction to the sudden change in the 
system, and not to the fact that the mixers were stopped. 
Curiously, no changes in concentration occurred in the aforementioned compounds 
when the standard single-feed MLE was converted to a stepwise feed, in which 25% of the 
influent was directed into the forth tank. Both the first half of the system and the portion after 
the forth tank remained stable, which is a generally positive result since it suggests that there 
can be less load on the biosorption tank and primary clarifier which would lengthen lifespan 
and reduce maintenance costs. However, the load on the MBR membrane may be higher, thus 
consideration and additional testing must be taken to ensure stepwise feeds remain practical.  
With regards to bacterial population, certain types changed population drastically 
while others remained consistent throughout the 287 days (Table 37). Percent change in 
population was determined by dividing the amount found in the final timepoint by the amount 
found at the initial timepoint and subtracting 1. The most dynamic microorganisms were the 
clones from the candidate phyla TM7, which are responsible for the breakdown of organic 
carbons and appeared in greater numbers at the last timepoint, Legionella, which are a 
disease-causing microbe that decreased significantly at point #7, the Amaricoccus, which is 
involved in the uptake of acetate increased significantly at point #4, and Proteobacterium 




Table 38: Percentage change in bacterial population between first  














Figure 24: Representation of population change of labeled microorganisms as a  
function of population type between timepoint zero and the final timepoint. 
 
The factors involved in the change of bacterial populations may not be well-known 
due to the number of parameter changes that took place within the 287 days. However, this 
data does demonstrate that the bacterial population is somewhat dynamic, and managers of 
WWTPs should be discouraged from assuming that cultures that are present at one point in 





Label 1 2 3 4 5 6 7 8 9 10 11 
Point 1 0% 350% 200% 100% 100% 67% 0% -67% -100% 0% -100% 
Point 4 -78% -50% 33% -100% 80% -100% 0% -100% -100% 0% -100% 
Point 7 -90% -17% 350% 0% 100% -200% -57% 100% 0% 100% 0% 
1 2 3 4 5 6 7 8 9 10 11
Point 1 0% 350% 200% 100% 100% 67% 0% -67% -100% 0% -100%
Point 4 -78% -50% 33% -100% 80% -100% 0% -100% -100% 0% -100%
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Figure 25: Graphical representations of microbial community at each sample point and  
their change between both timepoints. Labels 1-11 are according to rankings Table 36. 
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Although through PCR reaction, Dehalococcoides strains were detected in sludge 
samples of the first timepoint, the detection limit was too low for RFLP analysis to yield a 
result through Sanger sequencing. A closely related genus, Dehalobacter, was detected in 
greater amounts, constituting for approximately 0.8% of the IVP’s bacterial population, 
concentrated mainly in the first two points, which agrees with its properties as a strict 
anaerobe. Therefore, a qPCR targeting Dehalococcoides was performed for timepoints with a 
frequency of every two weeks to gauge general population fluctuations more accurately.  
As can be seen from Figure 22, populations of these strains change drastically 
depending on plant and/or environmental conditions. Changes in the IVP parameters that took 
place include the reduction of SRT in the membrane bioreactor tanks on day 66, which 
resulted in a slow increase in population, stopping the anoxic mixers one at a time from day 
105 to 140, resulting in a further increase in population during that time period, and the return 
of SRT in the MBR tanks to normal operation on day 161, which coincided with a further 
reduction in population. This suggests that Dehalococcoides thrives best in stable tanks with 
no mixing, and in tanks with low sludge retention times. Negligible amounts of 
Dehalococcoides were found to survive in the biosorption tank, likely due to the aerobic 
nature of that environment.  
As the roles of both Dehalococcoides and Dehalobacter are involved in 
dechlorination, a distinguishment does not necessarily need to be made for the purposes of 
designing a wastewater treatment plant that eliminates chlorinated wastes. However, based on 
studies which observed a co-culture of both genera active in a chlorinated solvent disposal 
plant, strains of Dehalococcoides will only metabolize PCE, TCE, DCE, 1,2-DCA and VC 
while Dehalobacter strains metabolized 1,1,2-TCA as well as 1,2-DCA (Grostern and 
Edwards 2006). Thus, these genera can work symbiotically or in competition upon 
degradation of chemicals containing chlorinated solvents in wastewater treatment plants. 
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CHAPTER 6. Conclusions 
6.1 Major Findings 
With reference to the problem statement and the aims set out earlier in this report, the 
objectives of the three overarching principles of this study have been met, with both expected 
and unexpected conclusions. Listed below are the findings of these experiments. 
6.1.1 Determination of Transcription Kinetics of Dehalococcoides strain MB 
 
With the entire genome of strain MB made available, the first elaborate transcription 
study with respect to the chlorinated solvent, PCE, was performed, with actual quantities of 
rdhA transcripts produced on a per-cell basis. The results demonstrated that mbrA is the sole 
RDase gene responsible for both the dehalogenation of PCE as well as TCE, and generate the 
highest number of transcripts just before the production of TCE, and at the maximum 
concentration of TCE. These patterns can help environmental consultants monitor the 
progress of bioremedial efforts and provide more accurate estimates of bioremediation 
completion times. To continue the dechlorination process to completion, however, would 
require additional strains capable of further reducing trans- and cis-DCE.   
6.1.2 Genome Closing for Dehalococcoides Strain 11a 
 
Relatively new Dehalococcoides strain 11a had yet to have its genome fully closed; 
only six scaffolds were laid out upon its discovery in 2013. This study used a multiplex PCR 
method to test every combination of primer pairs possible in matching the ends of the 
scaffolds. The chief finding of this experiment was that one of the scaffolds did not attach to 
any of the other scaffolds in the genome, revealing that 11a contains a plasmid with mostly 
unknown functions (putative genes) that do not partake in metabolic dehalogenation of 
chlorinated solvents. An additional finding of the experiment is the fact that the smallest 
scaffold, 6, appears multiple times, serving as a bridge between all the other scaffolds. All 
other scaffolds only appear one time each, with about equal base pair coverage. 
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6.1.3 Dehalococcoides and Optimization of Wastewater Treatment Parameters 
 
The final project of this study observed the changes in wastewater composition in 
relation to various operational changes in a biosorption tank and membrane reactor, and also 
detected the prevalence of dechlorinating microorganisms in activated sludge. In general, 
installation of new equipment and shutdown of portions of the IVP would result in temporary 
fluctuations in chloride, TOC, and sulfide. In the MBR, a shortened SRT resulted in 
temporary spikes in chloride and nitrate, while stopping either anoxic mixer lowered TOC 
levels for approximately two weeks at each instance, which is a positive result. In all cases, 
constituent levels seemed to stabilize within 7-10 days after changes in the parameters, 
indicating that WWTP managers should take more caution when changing many parameters 
at once rather than caring about long-term implications. Finally, both Dehalococcoides and 
Dehalobacter were detected in sludge samples from the first timepoint from PCR results, 
although additional quantification was conducted on Dehalococcoides to determine the extent 
of its role in a WWTP. It was found that during low SRTs as well as non-mixing of tanks 
within the MBR system, populations of the strains would tend to increase.  
6.2 Recommendations  
The series of experiments conducted by this study present several opportunities to 
build upon their findings, many of which paint a partial picture of the properties of the genus 
Dehalococcoides. Most prudent would be a similar transcription study on 11a, using TCE as a 
substrate, and expecting full dechlorination to result in ethene. The quantities of its RDase 
gene, vcrA, and its other potential RDase genes can be measured with respect to the 
degradation kinetics of TCE to cis- and trans-DCE, to vinyl chloride (VC) and finally ethene. 
An understanding of both strains’ transcription behaviors can result in a more thorough 
understanding of how the two can work in unison as a co-culture to degrade PCE to ethene, 
with possible studies combining both strains in one bottle to observe interactions.  
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Secondly, although the stepwise feed system for the IVP has shown to have no 
negative or positive effect on the constituency of wastewater, it is still imperative to check its 
load on the MBR surface. Because the wastewater in the final aeration tank will be likely be 
of higher strength in a stepwise system, the membrane is likely to be more susceptible to 
fouling and other consequences from heavy loads. Weekly sampling and analysis of 
membrane surface should be conducted to ensure the impact of a stepwise feed remains low.  
Since the genus Dehalobacter was detected by sequencing from the RFLP analysis but 
Dehalococcoides was not, it would be desirable to complete the picture by also quantifying 
Dehalobacter at all three sample points from the IVP. Based on previous literature done in 
lab-scale SBRs (Schlötelburg et al. 2002) as well as this study, the expected result should be 
that Dehalobacter eventually overtakes Dehalococcoides as the leading dechlorinator.  
Finally, because the preliminary clone libraries and RFLP sequencing have detected 
high changes in population for one third of all microbes identified over the course of 8 
months, additional clone libraries should be carried out on at least a quarterly basis for strains 
exhibiting dynamic changes. This would confirm that the changes are occurring regularly and 
provide a clearer pattern of what environmental or operational parameters the communities 
are reacting to. If done properly, it may eventually be possible to engineer the types of 
microbes that appear at certain stages in a wastewater treatment plant for the purposes of 
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